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Abstract 
 
Solar ultraviolet (UV) radiation arriving at the Earth’s surface is a biological 
requirement for most forms of life, but also causes adverse responses in humans, 
animals and plants in cases of overexposure. Many of the adverse responses are 
cumulative in nature, and hence solar UV related environmental risk assessment 
requires quantification of long-term exposures and large UV doses. 
Dosimetry methods for quantifying solar UV radiation exposure are extremely 
versatile and cost-effective compared to radiometric methods, and allow time 
integrated doses to be quantified efficiently. Biodosimetry often provides a large 
dynamic range, but is expensive, labour intensive and time consuming. Chemical 
actinometry is a cost and labour effective alternative to biodosimetry, but is 
disadvantaged for large-dose measurements by its relatively small dynamic range. 
Poly(dimethyl phenylene oxide) (PPO) film was identified from the literature as a 
chemical actinometer material with the potential to reduce the labour and costs 
involved in the quantification of large solar radiation doses by means of a larger 
dynamic range. A fabrication technique for PPO film actinometers was established, 
and the optical properties of the actinometers were fully characterised. 
The resulting actinometer provides an efficient method for quantifying either 
unweighted UVB dose or biologically effective dose. The spectral response 
resembles the erythemal action spectrum, and the solar erythemal calibration 
function is near linear. The PPO film actinometer is therefore very well suited to 
human exposure research, especially for evaluation of chronic responses, or 
cumulative acute responses in which large-dose measurements are required. 
The PPO film actinometer now provides an additional tool in the quantification of 
solar UV radiation exposure. It has equal versatility, and similar costs, labour and 
equipment requirements to the most commonly employed actinometry methods. The 
larger dynamic range of PPO film however, reduces labour and costs associated with 
large-dose UV measurements. 
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1.1 Introduction 
Solar radiation is ubiquitous over the daytime side of Earth’s surface. The energy 
imparted by solar ultraviolet (UV) radiation on incidence to terrestrial surfaces and 
biological systems is sufficient to alter the molecular or cellular structures of many of 
these materials. Such alterations may result in discolouration and degradation of 
polymers, and more importantly, disease in humans, animals and plants. 
Substantial evidence has been presented in the literature suggesting that many 
organisms and ecosystems are perturbed by exposure to ambient levels of solar UV 
radiation (Häder et al. 1998). In addition to ambient radiation stress, organisms may 
also be exposed to increased levels of solar UV radiation, elevated by both natural 
and anthropogenic forces. These issues have been reinforced in recent years by the 
growing awareness of stratospheric ozone depletion due to industrial emissions of 
ozone-depleting gases into the atmosphere, and of the associated increase in solar 
UV radiation at Earth’s surface (Appenzeller 1993; Herman et al. 1996; McKenzie, 
Connor & Bodeker 1999). Important environmental issues are therefore, the 
quantification of solar UV exposure and the assessment of its effects on organisms 
and ecosystems. 
Many biological responses to UV radiation are cumulative in nature. Time-integrated 
exposure measurements are therefore required to assess the chronic effects of UV 
radiation on the biosphere. Radiometry is frequently employed to quantify solar UV 
radiation. The strength of this method is in the measurement accuracy afforded by 
sophisticated electronic detectors. Exposure calculations from instantaneous 
radiometric measurements however, require many measurements over the exposure 
period of interest, and the greater the variability of the UV radiation source, the 
greater the number of measurements required for integration such that a given level 
of accuracy is maintained. Since solar radiation continually varies at the Earth’s 
surface due to complex atmospheric optics and geometrical factors, the time and 
labour involved in obtaining a sufficient number of instantaneous radiometric 
measurements for accurate integrations of large doses is often prohibitive. Although 
automated systems are becoming available, such instruments are expensive, bulky 
and cumbersome. 
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An alternative to radiometry is passive dosimetry, which is well suited to UV dose 
measurements since dosimeters naturally integrate over time and incorporate all 
variability into a measurement. The two main branches of dosimetry are biological 
dosimetry, or biodosimetry, and actinometry (also known as physical or chemical 
dosimetry).  
Passive UV dosimeters must ultimately be calibrated against a radiometric 
instrument, and also incur imprecision related to the optical properties of the 
dosimeter. Dosimetry is therefore inherently less accurate than radiometry. 
Dosimetry methods however, have grown in popularity due to their low cost and 
versatility compared to radiometry, as well as their ability to provide direct 
measurements of time-integrated UV dose. The variability inherent in solar UV 
radiation that occurs over many time-scales is captured by the dosimeter in a single 
exposure measurement. This is particularly important where further UV radiation 
variability occurs due the motion of the subject under measurement (e.g. Milne et al. 
1999; Cockell et al. 2001). Their small size also allows significant numbers of 
dosimeters to be deployed simultaneously, allowing spatially resolved UV data to be 
acquired over complex surfaces (e.g. Kimlin & Parisi 1999). 
Biodosimetry is the leading technique in large-dose UV quantification, and provides 
the largest dynamic ranges available. Biodosimeters utilise UV sensitive organisms, 
or simple biological systems to gauge UV radiation dose, usually through UV 
induced DNA damage (Koussoulaki et al. 1997; Bérces, Gáspár & Rontó 1999, pp. 
141-2; Rontó et al. 2000). The preparation of biodosimeters, and the post-exposure 
analytical procedures associated with this method however, are often complex and 
time-consuming. A measure of UV radiation dose by Bacillus subtilis dosimetry for 
example, is determined from the proteins synthesized after incubation and staining 
(Quintern et al. 1994). 
Actinometry methods are available that simplify the preparation and analytical 
procedures, and hence reduce the labour and costs involved. These techniques utilise 
a change in optical absorbance of the actinometer material in response to UV 
radiation exposure. The absorbance change can often be quantified by means of 
standard photometric equipment. 
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The dose-capacity, or the maximum dose that can be registered by a single 
dosimeter, is substantially smaller for currently employed actinometer materials 
compared to biodosimetry materials. The resulting smaller dynamic range is a 
fundamental limitation of the actinometry methods in current use. 
The most extensively employed actinometer material for solar UV radiation 
dosimetry is polysulphone (e.g. Knuschke & Barth 1996; Sydenham, Collins & Hirst 
1996; Dunne 1999; Kimlin & Parisi 1999; Milne et al. 1999; Lester & Parisi 2002). 
Polysulphone actinometers have an operational life-span of about one day in summer 
at mid-latitudes, or a dose-capacity of about 12 kJ m
-2
 (CIE 1992). Many chronic UV 
induced biological responses are therefore difficult to quantify by actinometry since 
they occur over periods of years, provoked by the large-dose equivalent of many 
accumulated doses. 
Large UV dose measurements employing polysulphone actinometry have been 
achieved by replacing actinometers on a daily basis, and calculating the cumulative 
exposure (Parisi et al. 2000). The disadvantages are however significant. A large 
number of actinometers are required, and the replacement procedure is time 
consuming and labour intensive. Time-integration errors are also introduced. Ideally, 
an actinometer material with a greater dynamic range should be employed for large-
dose measurements. 
An actinometer is required that has a larger dynamic range than is currently available 
to alleviate the labour, costs, and time associated with large-dose actinometry. The 
focus of the research is therefore on identifying an actinometer material with a 
greater dynamic range, and fully characterising the material’s optical properties to 
provide a large-dose actinometer for solar UV exposure measurements. 
Manufacturing costs of such actinometers must be kept to a minimum such that the 
advantages of a larger dynamic range are not outweighed by fabrication costs. 
1.2 Definitions and Terminology 
Electromagnetic radiation (EMR) is a form of energy that propagates through space 
by means of electric and magnetic fields oscillating perpendicular to each other. The 
amount of energy carried by EMR depends on the wavelength of the oscillating 
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fields. The nature and propagation of EMR through space is described by Maxwell’s 
equations (Halliday, Resnick & Walker 1997, p. 803). 
The International Commission on Illumination (CIE) is an international authority of 
lighting and radiation. The CIE definitions and terminology recommendations have 
been adopted in this dissertation. The UV radiation waveband is defined by the CIE 
as the region of the EMR spectrum that lies between the ionising-nonionising 
boundary (100 nm) and the visible boundary (400 nm). The CIE also recognises the 
ultraviolet-C (UVC), ultraviolet-B (UVB) and the ultraviolet-A (UVA) wavebands as 
biological subdivisions of the UV waveband. These subdivisions constitute the 
respective wavebands of 100 nm to 280 nm, 280 nm to 315 nm and 315 nm to 400 
nm (CIE 1987). 
Electromagnetic radiation in the UV waveband is most often quantified 
radiometrically in terms of various radiance units. Irradiance is defined as the radiant 
power per unit area incident upon a surface at all wavelengths, while spectral 
irradiance is the radiant power distribution expressed as irradiance per unit 
frequency. The SI unit for irradiance is W m
-2
 and that for spectral irradiance is       
W m
-2
 Hz
-1
. The unit of W m
-2
 nm
-1
 is often used for irradiance quantification in the 
UV waveband, and is the only deviation from SI units in this dissertation. Exposure 
is wavelength- and time-integrated irradiance and its measurement is dose with units 
of J m
-2
. Biologically effective UV irradiance is the spectrally determined irradiance 
component of the UV waveband that causes a given biological response.  
Biologically effective dose is defined as the wavelength- and time-integrated 
irradiance, where the spectral irradiance is weighted by the biological response of 
interest. 
1.3 Project Objectives 
The principal objective of this research is to reduce the labour and costs involved in 
the dosimetry of large solar UV radiation doses by developing an actinometer with a 
larger dynamic range than is currently available. 
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The steps required to meet this objective are as follows: 
 To identify a chemical with physical and optical properties that are suitable 
for use in the dosimetry of large doses of solar UV radiation. 
 To develop an efficient method for the fabrication of actinometers that 
utilise the material identified above. 
 To characterise the identified material by experimentally investigating and 
quantifying its optical properties that are relevant to the quantification of 
solar UV radiation. 
 To calibrate the response of the fully characterised actinometer for UV 
radiation dose measurements against a suitable radiometer, and to evaluate 
the potential of the actinometer for quantification of UV exposure within 
specific wavebands and for biologically effective exposure. 
These objectives in detail are as follows: 
1.3.1 Literature Search for a Suitable Dosimeter Material 
The literature was extensively searched for chemicals that are photosensitive in the 
UV radiation waveband. Information concerning the optical properties of these 
chemicals was compiled and studied in order to identify one that would provide the 
optimum properties for large-dose solar UV dosimetry. The factor of priority in this 
search was the dynamic range, which led to further investigations of poly(2,6-
dimethyl-1,4-phenylene oxide) (PPO). 
1.3.2 Fabrication of PPO Film 
The literature indicates that the most cost effective and versatile methods of 
actinometry employ photosensitive materials in the form of a chemical film. A cost 
effective method of casting PPO into thin film was therefore required. Casting 
experiments were conducted to assess the feasibility of fabricating PPO film 
actinometers employing currently available equipment. 
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1.3.3  Investigation of PPO Film Thickness and Dose-Response 
In addition to resistance to damage from normal handling, a dosimeter film for large-
dose solar UV radiation measurements must be sufficiently durable to withstand the 
outdoor environmental forces over long periods of time. The film thickness that 
provides sufficient durability must also have a useful dose-response. It was therefore 
necessary to investigate the dose-response of PPO film as a function of film 
thickness. 
1.3.4 Quantification of the Optical Properties of PPO Film 
Actinometers 
The characteristics of a dosimeter are determined by its optical properties, and it is 
these characteristics along with the calibration that determine the accuracy with 
which a dosimeter measures dose. The quantification of the optical properties of PPO 
film was therefore necessary to establish the accuracy of dose measurements and to 
optimise the use of PPO film for solar UV actinometry. The dose-response, spectral 
response, angular response, reciprocity, temperature effects, dark reaction, and 
reproducibility were experimentally quantified. 
1.3.5 UV Radiation Calibrations 
PPO film actinometers were calibrated against a spectroradiometer and a broadband 
solar erythemal radiometer. These calibrations were extended over the entire 
dynamic range of the actinometer to determine the largest biologically effective UV 
dose measurable by a single PPO film actinometer. 
1.4 Dissertation Overview 
The approach of the research presented in this dissertation is outlined as follows: 
 Chapter 2 provides an account of the biological effects of solar UV radiation on 
humans, animals and plants, which emphasises the need to develop efficient 
and cost effective methods for quantifying solar UV radiation. 
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 Due to the energetic nature of the UV waveband and the constantly changing 
UV radiation field at the surface of the Earth, solar UV radiation is technically 
difficult to quantify. The atmospheric and geometrical parameters that modulate 
solar UV are discussed in chapter 3. 
 The optical properties and theory relevant to solar UV actinometry are 
reviewed in chapter 4, while the optical properties of currently available 
photosensitive materials that may be employed in passive UV actinometry are 
reviewed in chapter 5. The relevant optical properties are discussed in detail, 
and the most suitable materials for large-dose UV radiation measurements are 
evaluated. 
 The experimental research conducted in the development and characterisation 
of the PPO film actinometer is presented in chapter 6. The experimentally 
determined optical properties are analysed and discussed in the context of their 
utility for high-dose measurements of solar UV radiation. The research findings 
are discussed and the project is concluded in chapter 7. 
1.5 Summary 
Ambient levels of solar UV radiation are detrimental to many organisms including 
humans. Environmental and sociological risk factors are therefore associated with 
UV radiation exposure, and are enhanced by stratospheric ozone depletion. 
Monitoring systems are therefore required to assess UV radiation exposure risks. 
Passive UV radiation actinometry provides a cost-effective method for such 
monitoring, but is limited to the measurement of relatively small doses. Large-dose 
quantification can be achieved by replacement of actinometers, but introduces error 
and is time and labour intensive. 
The research presented in this dissertation provides a cost-effective method for 
quantifying larger doses of solar UV radiation than has been possible with a single 
actinometer. This allows the labour, costs, and integration errors in large-dose 
measurements to be minimised, while preserving the versatility of the actinometric 
methods. This is achieved by utilising PPO as an actinometer material, since this 
research has confirmed PPO film to have a larger dynamic than currently utilised 
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actinometer materials. The manufacturing procedures for the PPO film actinometer 
are developed and the physical properties and optical characteristics of the 
actinometer are determined. Finally, the actinometer is calibrated for measurements 
of biologically effective UV radiation. 
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Chapter 2: Responses of Biological Systems to Solar UV Radiation 
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2.1 Introduction 
Sunlight is a requirement for almost all animals and plants. Solar UV exposure 
provides a catalyst for the production of vitamin-D in mammals and plants, and 
plants require photosynthetically active radiation (PAR) for photosynthesis. As a 
result of required sunlight exposure, the dermal tissue of plants and animals are 
exposed by necessity to solar UV radiation. The ocular tissue of sighted diurnal 
animals is also exposed. In many cases, the UV radiation dose necessary for 
biological function is much smaller than that imposed by the Sun. For example, solar 
UV doses are routinely measured at subtropical latitudes that are greater by an order 
of magnitude or more than the dose required to produce sufficient vitamin-D in 
humans (Holick 2004; Seckmeyer et al. 2008).  Inadvertent or involuntary 
overexposure to UV radiation is therefore a frequent occurrence. Such overexposures 
result in a myriad of well known adverse biological responses in humans, animals 
and plants. 
Biological responses may occur at the molecular level, or at the macroscopic level 
where large portions of tissue, or the organism as a whole is affected. Responses may 
also be acute or chronic. These factors depend on the duration, flux, and spectral 
distribution of the exposure, and the type of tissue exposed. In general, the 
magnitude of an acute response is directly related to the UV dose, while chronic 
responses are often proportional to cumulative UV dose. The accumulation of many 
intermittent small doses can therefore lead to chronic responses, even when the small 
doses are in themselves too small to trigger an acute response. Chronic responses 
tend to continue long after the initial offending exposure has ceased, and may result 
from prolonged or cumulative exposure to UVA and/or UVB radiation.  
The chronic nature of many UV induced responses emphasises the need for both 
long-term and cumulative solar UV dose measurements. This chapter describes the 
biological responses induced by UV radiation, and provides an understanding of the 
importance of quantifying this waveband. 
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2.2 Molecular and Cellular Level Responses in 
Humans 
2.2.1 DNA and Cellular Damage 
Isolated biomolecular bonds absorb UV radiation at wavelengths shorter than about 
200 nm. The peak absorption of biomolecules moves toward longer wavelengths 
with increasing number of conjugated single and double bonds. Purine and 
pyrimidine bases of DNA contain conjugated chains or rings of such bonds (de Gruijl 
2000). DNA molecules are therefore major targets for the absorption of UV 
radiation. Coohill (2001, p. 93) presents the absorption spectrum of DNA and typical 
proteins, showing absorption peaks of 260 nm and 280 nm for these molecules 
respectively. DNA absorption increases rapidly with decreasing wavelength between 
about 300 nm and 260 nm. A similar increase in absorption occurs for proteins as 
wavelengths decrease from 300 nm to 280 nm. Therefore, in the solar UV radiation 
waveband the maximum absorption by both DNA and proteins occurs at 280 nm. 
Under most circumstances absorbed UV energy is dissipated innocuously along the 
DNA structure as heat. On occasion however, new chemical bonds known as 
photolesions are formed within the DNA molecule. The most prevalent forms of 
DNA photolesions are the pyrimidine dimers (Petersen & Small 2001), which 
constitute 98% of DNA damage. The remaining 2% occur in the form of DNA-
protein cross-linkages and DNA single-strand and double strand breaks. Of the 
pyrimidine dimers, about 75% are cyclobutane pyrimidine dimers (CPDs) and 25% 
are pyrimidine(6-4)pyrimidone dimers (6-4PP) (Tobin 2002, p. 186). 
2.2.2 DNA Repair Mechanisms 
Cells have evolved a number of efficient repair mechanisms to cope with the various 
types of DNA lesions that result from UV radiation exposure. DNA lesions may be 
repaired by excision-repair, photo-reactivation, recombination repair or apoptosis 
mechanisms. In response to moderate DNA damage, the excision-repair mechanism 
is thought to employ cell-cycle-arrest followed by DNA repair. In this process 
photolesions are replaced by the correct chemical bonds by using the undamaged 
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DNA strand as a template. This repair mechanism appears to be activated by CPD 
lesions (Lo et al. 2005). If both DNA strands contain photolesions, then there is no 
suitable template available and the repair mechanism fails leaving the photolesions 
intact. Photo-reactivation involves the reduction of pyrimidine dimers by enzymatic 
action, which occurs only in the presence of UVA radiation (Roza et al. 1991). Like 
excision-repair, photo-repair is not 100% efficient and not all UV damaged cells are 
repaired (Coohill 2001, pp. 99-104; Petersen & Small 2001). In the case of extensive 
DNA damage, apoptosis (programmed cell death) may be induced, and is initiated 
mainly by 6-4PP lesions (Crespo-Hernádez, Cohen & Kohler 2005). Recombination 
repair responds to double strand breaks. A reciprocal exchange and subsequent 
rejoining of the parent DNA strands occur to repair this type of lesion (Sherbet 2003, 
p. 8). Thacker (2001, pp. 419-23) provides comprehensive details of recombination 
repair. Photolesions that are not removed by a repair mechanism or by apoptosis 
inhibit the ability of DNA to replicate correctly, leading to genetic mutations that 
give rise to organism level inflictions including different types of skin cancers, and 
various eye diseases (Crespo-Hernádez, Cohen & Kohler 2005). 
2.2.3 Mutation of the p53 Tumour Suppressor Gene 
The immune system employs a number of tumour suppression genes that under 
normal circumstances use cell cycle arrest, DNA repair, and apoptosis to prevent 
cancerous cells from replicating (Ho & Li 2005). The gene known as p53 is a tumour 
suppressor gene that plays a significant role in responding to cell damage caused by 
UV radiation. The p53 gene is critical for inducing apoptosis and regulating cell 
division (Gross et al. 2005, p. 576). Research has shown that the p53 gene is itself 
the most commonly mutated gene in humans by UV radiation (Pacifico & Leone 
2007). As p53 damage accumulates with increasing exposure, increasing numbers of 
abnormal cells are able to proliferate (Ackerman & Mones 2006). The p53 tumour 
suppression gene is frequently found in mutated form at sites of actinic keratosis 
(Einspahr et al. 1997), basal cell carcinoma (D’Errico et al. 1997), squamous cell 
carcinomas (Einspahr et al. 1997; Pacifico & Leone 2007) and malignant melanoma 
(Yang, Rajadurai & Tsao 2005). 
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2.3 Organism Level Responses in Humans 
2.3.1 Dermal Responses 
Vitamin D Synthesis 
Typically, over 90% of the human vitamin D requirement is synthesised in the skin 
through exposure to solar UV radiation. Evidence of the beneficial effects of vitamin 
D has been reviewed by several authors. The results of Garland et al. (2006) and van 
der Rhee, de Vries and Coebergh (2006) show convincing evidence of sufficient 
vitamin D status as a defence against a number of internal cancers including colon, 
breast, prostate and ovarian tumours (Norval et al. 2007). Vitamin D status has also 
been implicated as a defence against autoimmune diseases including type II diabetes, 
multiple sclerosis, rheumatoid arthritis, and inflammatory bowel diseases (Norval et 
al. 2007). The importance of small (suberythemal) regular doses of sunlight therefore 
cannot be underestimated, and is required for general well being. 
Current guidelines suggest that daily exposures of 40% of the body to 0.25 minimum 
erythemal dose
1
 (MED) is adequate to produce a sufficient level of vitamin D for 
optimum health. At mid-latitudes during summer, this translates to about 4 to 10 
minutes of midday exposure to solar radiation for the fair skin population, and about 
60 to 80 minutes for those with dark skin colour (Grant & Holick 2005). Since these 
periods are often exceeded through outdoor occupational or recreational solar 
exposure, overexposure frequently occurs. 
Erythema and Sunburn 
Erythema and sun-tanning are the skin’s initial responses to UV overexposure. 
Erythema is an acute inflammatory response to UVB radiation that causes reddening 
of the skin marking the onset of sunburn, and subsides rapidly after exposure has 
ceased. UVB radiation exposure beyond erythema results in sunburn. Another more 
severe type of erythema is associated with sunburn and occurs as a delayed reaction 
usually several hours after the exposure. The injury resulting from sunburn is acute 
                                                            
1 The MED is the approximate mean minimum UV dose that induces erythema in previously 
unexposed type I (sun-sensitive) skin within 24 hours of exposure, and is defined here as 200 J m-2. 
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and reversible as damaged skin cells are removed in the process of peeling (Swanson 
2006, pp. 624-5). 
Sun-Tanning 
Sun-tanning is a protective response of human skin to UV radiation. UVA radiation 
stimulates the secretion of pre-existing melanin from the melanocytes resulting in 
acute sun-tanning. The melanocytes are stimulated by UVB radiation to create and 
secrete new melanin, resulting in a chronic form of sun-tanning (Ballotti & Ortonne 
2002, p. 2-4). Melanin has photochemical properties that allow the efficient 
conversion of absorbed UV radiation into non-radiative forms of energy that is 
harmlessly absorbed by the skin cells (Meredith & Riesz 2004). The protective 
effects of sun-tanning are however limited. Melanin is capable of absorbing only 
50% to 75% of incident UV radiation (Brenner & Hearing 2008), leaving the 
remainder in a potentially damaging form. Furthermore, photolysis of melanin has 
been implicated as a cytotoxin involved in the development of cutaneous malignant 
melanoma (Wood et al. 2006; Brenner & Hearing 2008). The large cumulative UV 
radiation exposures involved in maintaining a suntan for cosmetic purposes may lead 
to any type of skin cancer (Jones, Moseley & Mackie 1987). Sunbathing and the use 
of tanning beds are therefore high-risk activities. 
Skin Cancer 
Genetically injured skin cells that escape repair are able to replicate to form tumours 
of the epidermis resulting in skin cancers. UV radiation in large doses is therefore a 
powerful carcinogen. Skin cancers in humans occur in three main types depending on 
the cells that are affected. Basal cell carcinomas (BCC) and cutaneous squamous cell 
carcinomas (SCC) are nonmelanoma skin cancers (NMSC) that do not involve the 
melanocytes. The vast majority (about 97%) of skin cancers are NMSC. Of these, 
around 80% are BCC and 20% are SCC (Alam & Ratner 2001). BCC involves the 
formation of tumours within the basal cell layer at the base of the epidermis. The 
mortality rate due to BCC is low as these tumours metastasise infrequently and are 
therefore not usually serious, but medical treatment is required in order to avoid 
disfigurement, which may arise in advanced cases. An estimated 50% to 90% of the 
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BCC incidence and mortality are attributable to UV radiation exposure (Lucas et al. 
2006 p. 35), and from 50% to 70% of the total SCC burden is caused by UV 
exposure (Lucas et al. 2006 p. 28). 
The less common SCC are more serious than BCC as they are often more invasive 
and metastasise more frequently at a rate of about 3% (AOCD n.d.). Cutaneous 
squamous cell tumours arise in the keratinocytes of the epidermis. They often begin 
as pre-malignant lesions called actinic keratosis, which themselves form in skin areas 
that have been damaged by UV radiation (Bogle 2006, p. 143). Between 10% and 
15% of actinic keratosis evolve into SCC. The presence of actinic keratosis also 
indicates the existence of UV induced skin damage, and is therefore a significant risk 
factor for any type of skin cancer (AOCD n.d.). 
The most dangerous type of skin cancer is the cutaneous malignant melanoma 
(CMM), which occurs in about 3% of all skin cancer cases. CMM originate in 
melanocytes; the pigment producing cells within the basal layer at the base of the 
epidermis. CMM have a high rate of metastasis. Non-cutaneous tumours resulting 
from metastasis of the original CMM to other organs including the lungs, liver and 
brain occurs frequently, in which case the disease most often becomes life 
threatening. The estimated upper and lower limits of the burden of CMM caused 
directly by UV radiation exposure are 50% to 90% respectively (Lucas et al. 2006, 
pp. 20-1). 
The risk of skin cancer depends on a number of factors including age, skin 
pigmentation, chemical exposure, and genetic predisposition. The primary 
aetiological factor for all types of skin cancer however, is UV radiation exposure 
(D’Errico et al. 1997; Lens & Dawes 2004; Breitbart, Greinert & Volkmer 2006). 
The incidence of all types of skin cancer and the mortality rate from melanoma are 
significantly greater in the Caucasian population compared to the dark-skin 
population, and has grown substantially since the late 1970s. The global incidence of 
BCC is estimated to have increased some 10% annually (Wong, Strange & Lear 
2003), while the incidence of malignant melanoma has increased faster than any 
other type of cancer (Lluria-Prevatt & Alberts 2005, pp. 239-40). Figure 2.1 shows 
the incidence of malignant melanoma in Australia, UK, and USA. 
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Figure 2.1: Incidence rates of cutaneous malignant melanoma for Australia, the United States and the United Kingdom diagnosed in males (), 
females (), and both males and females (). The data for this chart were obtained from the National Statistics Clearing House (nschdata.org), 
the Australian Institute of Health and Welfare (aihw.gov.au), and the Surveillance, Epidemiology, and End Results Database (seer.cancer.gov). 
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The increases in the incidence of skin cancer are due to several factors. These include 
an increase in exposure of populations to solar UV radiation, through both ozone 
depletion (Orellana 2002) and changes in sociological behaviour (including the use 
of tanning beds) (Stulberg, Crandell & Fawcett 2004), and more frequent diagnosis 
due to increased public awareness of Sun exposure and skin cancer. 
2.3.2 Ocular Responses 
By necessity for outdoor vision, mammalian eyes are exposed to solar UV radiation. 
In humans, UV radiation is absorbed by the cornea and lens of the eye, but is not 
utilised in vision. Excessive ocular exposure to UV radiation is the cause of several 
different types of serious eye injury and disease. Photokeratitis and 
photoconjunctivitis are temporary inflammations of the cornea and conjunctiva 
respectively that result from ocular exposure. These afflictions can present severe 
pain, temporary chromatic visual disturbances and temporary loss of vision. The 
damage is usually reversed within about 48 hours after exposure has ceased and 
permanent eye damage is rare (McCarty & Taylor 2001; WHO n.d.). Due to the 
cumulative effects of UV radiation however, repeated episodes of photokeratitis 
and/or photoconjunctivitis are a risk factor in the development of chronic responses 
including pterygium, cortical cataracts and ocular carcinomas. Cortical cataracts 
form when a small region of the eye’s lens tissue becomes opaque, and are a leading 
cause of visual impairment and blindness worldwide (Thylefors et al. 1995; McCarty 
& Taylor 2001). Cumulative ocular exposure to broadband or UVB radiation has 
been implicated as the primary environmental risk factor in the development of 
cortical cataracts (McCarty & Taylor 2001; Oriowo, Cullen & Sivak 2002). Lucas et 
al. (2006 p. 50) estimate that 20% of the total incidence of cortical cataract, and 5% 
of all cataract related disease is the result of UV exposure. Pterygium forms as a 
triangular network of fleshy tissue that grows over the cornea of the eye. Pterygium 
are believed to result from eye infections, chronic eye irritation from exposure to 
dust, and exposure to UV radiation. 42% to 74% of the total incidence of pterygium 
is estimated to be attributable to UV exposure (Lucas et al. 2006 p. 55). 
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2.3.3 Immunosuppression 
Human skin contains a number of cells that form part of the immune system. These 
cells identify and destroy foreign agents that enter the body such as cells that have 
been mutated by viral infection or radiation exposure. The destruction of such cells 
results in inflammation. With the introduction of a large number of damaged cells, as 
in the case of overexposure to UV radiation, the resulting inflammatory response 
may interfere with other necessary functions of the skin. The body’s natural defence 
mechanism therefore suppresses the immune response to allow normal function of 
the skin (Longstreth et al. 1998). Such UV induced immunosuppression has been 
related to an increased growth rate of cancer cells (Damian et al. 2008). 
2.4 Responses in Animals 
UV induced diseases of dermal and ocular tissue inflict a number of animals as well 
as humans. Little clinical data is available that clearly demonstrates the role of UV 
exposure in these animal diseases, but some research and veterinary records indicate 
that the risk factors relating to UV exposure for some diseases resemble those for 
humans. 
Many domestic animals including horses, livestock, and cats and dogs suffer from 
skin cancers (Elwood 2004, p. 3). As for humans, UV exposure is a factor in the 
aetiology of actinic keratosis in dogs and cats, and canine and feline SCC are 
commonly associated with sites of actinic keratosis (Gross et al. 2005, p. 576). SCC 
in animals occur most frequently at anatomical sites that have fair coloured 
pigmentation, or at sites that are not protected from Sun exposure by fur (Rabo, 
Usman & Kolo 2000). These sites include the eyes, eyelids, ears, teats and 
mucocutaneous margins (Sherman 2002, p. 216). Equine SCC is the second most 
common cancer in horses (Habegger 1999). The incidence of ocular SSC in 
Appaloosa and draft horses is greater closer to the equator and at higher altitude 
locations, implicating solar UV exposure as an aetiological factor. Cattle are also 
susceptible to SCC. In some parts of Australia, up to 6% of Hereford cattle are 
inflicted with bovine ocular SCC, which has a significant economic impact on the 
beef industry (Sherman 2002, pp. 216-7). Furthermore, solar UV exposure is a well-
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known precursor to infectious bovine keratoconjunctivitis (pinkeye) in cattle. 
Infection is often subsequent to inflammation of the conjunctiva and cornea of the 
eye due to solar UV exposure, especially in cattle lacking pigmentation of the eyelids 
(Kirkpatrick & Lalman n.d.). 
Melanoma is common but benign in cattle and rarely occurs in sheep. Equine 
melanoma is usually less aggressive and metastasises less frequently compared to 
melanoma in other animals. However, the cost of equine melanoma is high in lightly 
coloured horses, with up to 80% of mature grey and white Lipizzaner, Arabian and 
Percheron breeds affected. Canine melanomas account for about 7% of malignant 
tumours in dogs. The prognoses for dogs, and most other animals diagnosed with 
melanoma are generally grim. The incidence profile of equine melanoma (Smith, 
Goldschmidt & McManus 2002), and the latitudinal incidence distribution of 
melanoma diagnosed in Angora goats (Sherman 2002, pp. 216-7) suggests a likely 
connection between melanoma in animals and UV exposure. 
2.5 Responses in Plants 
As photosynthetic organisms, plants are inevitably exposed to solar UV radiation, 
which has well known detrimental effects on many susceptible species. These effects 
are primarily related to genomic damage and damage of the photosynthetic system 
(Fiscus & Booker 1995). The types of DNA lesions that occur in mammals occur 
also in plant cells. Like mammals, plants have also evolved protective mechanisms 
such as UV absorbing flavonoids (Madan & Sengupta 2000), and DNA repair 
including photoreactivation and excision repair (Kimura et al. 2004). Despite these 
protective mechanisms, solar UVB radiation has been observed to cause measurable 
DNA damage in barley (Mazza et al. 1999) and in temperate rainforest species of 
South America (Rousseaux et al. 1999). 
In addition to genetic damage, the photosynthetic apparatus of plants may be 
damaged by UV radiation. Significant reductions in photosystem II (PSII) 
photosynthesis has been observed in the leaves of a number of higher plant species, 
including sweet potato (Kim et al. 2007), Chenopodium album (van Rensen, 
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Vredenberg & Rodrigues 2007), bean plants (Cen & Bornman 1990), cucumbers 
(Battaglia & Brennan 2000), and many others. 
The consequence of DNA damage and photosynthetic inhibition due to solar UV 
radiation may be a reduction in plant biomass. Examples of growth retardation due to 
UVB exposure have been observed in wheat seedlings (Tian & Lei 2007) and 
soybeans (Guruprasad et al. 2007). 
2.6 Biologically Effective Radiation 
The tissues of humans, animals and plants are complex biological structures with 
spectral absorption properties that differ significantly from one tissue type to another. 
The magnitude of a biological response depends therefore on both irradiance and the 
wavelength of induction. In order to find a correspondence between UV irradiance in 
physical units and a given biological response, a spectral weighting function known 
as a biological action spectrum is required. An action spectrum for a given biological 
response is derived from the relative efficiency of spectral UV irradiance in inducing 
that response as a function of wavelength.  If 0 is the wavelength of maximum 
efficiency, then the action spectrum for the response is given by 
 
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0 ,
,
H t
A
H t



        (2.1) 
(de Gruijl 2000) where A() is the spectral weighting function (or action spectrum), 
H(0,t) is the monochromatic dose administered at the wavelength of peak efficiency 
for a time period of t, and H(,t) is a dose administered for the same time period but 
at any wavelength  of interest. If A() is independent of dose, then equation 2.1 
indicates that the quantity A()H(,t) is the equivalent of the dose H(,t) at the 
monochromatic wavelength of 0 (de Gruijl 2000). Biologically effective irradiance 
(IBE) is therefore the wavelength-integrated product of spectral irradiance of the 
source and the action spectrum of interest, given by 
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where I() is the spectral irradiance of the source, A() is the action spectrum, and 1 
and 2 are the upper and lower bounds of the waveband of interest (Diffey 1989, pp. 
139-40; CIE 1992). 
The product of solar spectral irradiance and the erythemal action spectrum is shown 
in figure 2.2, and action spectra for a number of biological responses are shown in 
figure 2.3. Biologically effective dose is then calculated as the time-integrated 
biologically effective irradiance, or 
   
2
1
-2
0 0
 (J m )
T T
BE BEH I dt I A d dt


          (2.3) 
where T is the total duration of the exposure. 
The minimum erythemal dose (MED) is frequently used unit for quantifying UV 
radiation dose that is weighted against the erythemal action spectrum. The MED 
quantifies the approximate mean minimum dose required to induce the erythemal 
response in previously unexposed human skin within 24 hours of exposure. The dose 
required to induce erythema depends strongly on skin type; the fairer the skin, the 
lower the required dose. The MED must therefore be defined for a given skin type. 
Most commonly (and for the purpose of this research), the MED is defined for type I 
skin which sunburns easily and never tans. For type I skin, the MED is defined as a 
dose of 200 J m
-2
.  
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Figure 2.2: Solar spectral UV irradiance (a) (left axis) and erythemal spectral irradiance (b) (left axis) on a horizontal plane. The solar irradiance 
was measured in Toowoomba at a solar zenith angle of 44. The erythemal spectral irradiance is calculated from the product of the solar 
spectral irradiance and the CIE erythemal action spectrum (CIE 1987) (c) (right axis). 
1.E-05
1.E-04
1.E-03
1.E-02
1.E-01
1.E+00
1E-05
1E-04
1E-03
1E-02
1E-01
1E+00
290 300 310 320 330 340 350 360 370 380 390 400
R
e
la
ti
ve
 S
p
e
ct
ra
l E
ry
th
e
m
al
 R
e
sp
o
n
se
Sp
e
ct
ra
l I
rr
ad
ia
n
ce
 (
W
 m
-2
n
m
-1
)
Wavelength (nm)
(a) 
(c) 
(b) 
UVB UVA 
24 
 
 
 
Figure 2.3: Action spectra for biological responses including human erythema (CIE 1987), vitamin D synthesis (MacLaughlin, Anderson, & Holick 
1982), previtamin D3 synthesis (CIE 2006), actinic response (IRPA 1989), DNA damage (Setlow 1974), photoconjunctivitis (CIE 1986a), and 
photokeratitis (CIE 1986b). 
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In the case that the spectral sensitivity of a broadband detector corresponds to a given 
biological action spectrum, the detector may be used to provide direct measurements 
of biologically effective dose without the need for spectral measurements. Therefore, 
although equations 2.2 and 2.3 depend on spectral irradiance, action spectra are also 
an important aspect of broadband radiometry and dosimetry. 
2.7 Summary and Conclusions 
UV radiation is required by animals and plants for biological function, but due to the 
significant intensity of this waveband at the Earth’s surface, UV overdose is a 
common occurrence that leads to a number of adverse biological responses. In both 
humans and animals, these responses include erythema and sunburn, ocular diseases, 
skin cancer, and damage to DNA and the immune system. Humans are frequently 
exposed both occupationally and recreationally to UV radiation. The synergy of 
DNA damage, p53 mutation, and immunosuppression is most likely a contributing 
factor to the high incidence of skin cancer in Australia and other countries. Solar UV 
radiation is also strongly implicated as the primary aetiological factor in the 
development of skin cancer in domestic pets and livestock, and is known to impede 
the growth of a number of plant species, many of which are commercially important. 
Due to the biological requirement of UV exposure and the potential for overdose, the 
quantification of this waveband at the Earth’s surface must be a priority in the 
assessment of environmental health and safety. The array of chronic effects induced 
by large or cumulative doses warrants the development of cost effective methods for 
large-dose quantification. The measurement of UV irradiance or dose provides 
limited information with regard to biological responses due to the dependence of 
these responses on the spectral distribution. However, the availability of a number of 
biological action spectra provides a means of quantifying biologically effective 
radiation such that the effects of solar UV radiation on the biosphere can be fully 
assessed. 
The effects of UV radiation overdose are of primary concern to human health.  Due 
to the impacts of UV exposure on animals and plants however, veterinary sciences 
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and agricultural sciences also benefit from the quantification of biologically effective 
solar UV radiation. 
 
  
27 
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3.1 Introduction 
Solar radiation emanates from the Sun and irradiates the daytime side of Earth’s 
surface via Earth’s atmosphere. Solar irradiance at the Earth’s atmospheric perimeter 
varies cyclically on a global scale with diurnal and annual periods due to the Earth’s 
motion and the geometry of the Earth-Sun system. Atmospheric absorption and 
scattering processes result in random and seasonal fluctuations of both solar UV 
irradiance and spectral UV irradiance at the Earth’s surface at micro- to synoptic-
scales. Ground level irradiance variations are therefore the net effect of the cyclical 
variations at the atmospheric perimeter and sporadic effects that occur within the 
atmosphere. The spatial distribution of solar UV irradiance also depends on these 
geometrical and atmospheric factors. Stratospheric ozone depletion has additionally 
caused an unnatural disturbance in both the latitudinal and spectral distributions of 
solar UV irradiance. 
The variability of solar radiation results in a complex and continually changing UV 
radiation field at the Earth’s surface. This complexity imposes difficulties and 
limitations in estimating UV exposures in the absence of direct measurements. The 
performance and accuracy of solar UV detectors involved in direct measurements 
however, are themselves influenced by the nature and variability of the UV radiation 
field. It is therefore important to consider variability factors in the radiation field in 
which a detector is to operate. 
3.2 Astronomical and Geometrical Factors 
For any fixed terrestrial coordinate, solar irradiance waxes and wanes at the Earth’s 
surface through the course of a solar day due the axial rotation of the Earth. This 
diurnal irradiance cycle peaks at solar noon as the Sun reaches its highest point in the 
sky, and then declines to effectively zero after sunset. The Earth’s axis of rotation is 
inclined at an angle of 23.5 to the normal to the plane of the ecliptic and effectively 
retains its orientation in space as the Earth orbits the Sun. As a result, for one half of 
the Earth’s orbit one hemisphere is tilted toward the Sun while the other is tilted 
away. The hemisphere tilted toward the Sun experiences spring followed by summer, 
while the opposite hemisphere experiences autumn followed by winter. At non-
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equatorial locations, the period of daylight is therefore greater in the spring/summer 
hemisphere, resulting in larger solar radiation exposures of this hemisphere 
compared to the autumn/winter hemisphere. During the second half of the orbit the 
situation reverses. The Earth’s axis slowly tilts what was previously the 
spring/summer hemisphere away from the Sun to become the autumn/winter 
hemisphere and vice versa. An annual solar UV irradiance cycle therefore occurs at 
non-equatorial coordinates due to the Earth’s orbital motion around the Sun. The 
peak irradiance due to this cycle occurs at the summer solstice (~ June 22) in the 
northern hemisphere, and at the winter solstice (~ December 22) in the southern 
hemisphere. 
Direct solar UV radiation arriving undeviated from the direction of the Sun is 
reduced at the Earth’s surface by the cosine of the angle of incidence of the radiation 
(Sturman & Tapper 1996, pp. 32-3). The angle of incidence i is related to solar zenith 
angle (SZA) by 90 SZAi    and is therefore a function of time-of-day, season and 
latitude. Hence this cosine weighting contributes to the diurnal and annual UV 
irradiance cycles. 
3.3 Atmospheric Processes 
3.3.1 Atmospheric Absorption and Scattering 
The Earth’s surface is shielded from high-energy solar radiation by ionospheric gas 
atoms that become ionised by the absorption of wavelengths shorter than about 100 
nm. Radiation in the UV waveband is nonionising, and is therefore unimpeded by the 
ionosphere and passes into the lower layers of Earth’s atmosphere. The interaction of 
solar UV radiation with gas molecules and aerosols in these layers results in spectral 
attenuation through scattering and absorption interactions. The degree of interaction 
is determined by the spectrally dependent complex refractive index, 
     N n ik               (3.1) 
of the interacting atmospheric constituent. The real component n() is defined as the 
ratio of the speed of light in a vacuum to the speed of light in a medium, and 
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corresponds to scattering. The loss of electromagnetic energy, or absorption, is 
derived from the imaginary component, k() (Marley et al. 2001; Tardif 2001). 
Equation 3.1 depends on the chemical compositions of the atmospheric constituents 
and the wavelength of the radiation with which they interact. Gas molecules in the 
lower mesosphere and the stratosphere undergo photodissociation on absorption of 
shortwave UV radiation. This process is dominated by molecular oxygen, which 
absorbs efficiently in the UVC waveband at wavelengths shorter than 240 nm (de 
Gruijl & van der Leun 2000). The resulting atomic oxygen reacts with molecular 
oxygen to form ozone (O3) (McConnell & Jin 2008), which absorbs predominantly in 
the Hartley waveband (200 nm to 320 nm) with the peak absorption centred around 
250 nm (Pickett 1994; de Gruijl & van der Leun 2000). Ozone concentration peaks in 
the lower stratosphere at an altitude of about 20 km forming the ozone layer. As a 
result of oxygen and ozone absorption, no UVC reaches Earth’s surface, and 
wavelengths in the UVB waveband up to about 290 nm are completely attenuated. 
The efficiency of ozone absorption increases with decreasing wavelength in the UVB 
waveband. The solar UV radiation waveband that arrives at Earth’s surface therefore 
extends from about 290 nm to 400 nm. 
Small amounts of ozone are produced naturally in the troposphere and contribute to 
the absorption of solar UVB radiation. Anthropogenic emissions of nitrogen oxides, 
carbon monoxide, and other volatile organic compounds react in the presence of UV 
radiation to form ozone. This ozone pollution also contributes to the reduction of UV 
irradiance at the Earth’s surface (Sabziparvar, de F. Forster & Shine 1998). 
In addition to absorption, atmospheric constituents redistribute solar energy in 
various elastic scattering processes, in which the energy of the interacting photon 
remains unchanged after the interaction. Rayleigh scattering occurs when the 
diameter of the scattering element is small compared to the wavelength of the 
interacting photon. The Rayleigh scattering intensity IR of unpolarised radiation from 
molecules is given by 
 
4 2
2
0 4 2
8
1 cosR
N
I I
R
 


                  (3.2) 
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where I0 is the initial intensity, N is the number of isotropic and randomly distributed 
scattering elements,  is the polarisability of the molecule, R is the distance from the 
scatterer, and  is the scattering angle (HyperPhysics.com n.d.). Equation 3.2 
indicates that Rayleigh scattering intensity varies inversely with the fourth power of 
wavelength. Since the angular intensity distribution is determined by  21 cos  , the 
back-scattering and forward-scattering intensities are equal, while the scattering 
intensity in directions perpendicular to the direction of the incident photon is half that 
of the scattering intensity in parallel directions (Jeske 1988, p. 265). The main 
scattering elements in Earth’s atmosphere are gas molecules, which are sufficiently 
small to induce Rayleigh scattering in the UV waveband. Rayleigh scattering is 
therefore the dominant process for the redistribution of solar UV radiation. 
Mie scattering becomes increasingly important in the troposphere where aerosols 
such as dust, pollen, smoke particles and cloud droplets are abundant. Aerosols are 
typically large in diameter compared to the wavelengths of the UV radiation 
waveband and result in a scattering distribution that depends on the size and shape of 
the scattering element, as well as the interacting wavelength. Mie scattering 
preferentially distributes energy in the forward direction relative to the direction of 
the incident photon. 
As a result of Rayleigh and Mie scattering, and reflection and scattering from large-
scale environmental structures, the solar UV radiation waveband is comprised of a 
direct component and a diffuse component. Since short solar UV wavelengths are 
scattered preferentially in the dominating Rayleigh process, a large proportion of the 
diffuse component is comprised of UVB wavelengths. At 300 nm more than half of 
solar UVB radiation is diffuse (Pickett 1994). The portion of diffuse UV radiation 
that contributes to the global solar UV waveband is large compared to the direct 
proportion and increases at large SZA. At SZA of more than 45, between 70% and 
100% of the solar UVB waveband, and more than 55% of the solar UVA waveband 
is diffuse UV radiation (Feister & Grewe 1995). 
The changing geometry of the Earth-Sun system due to the Earth’s rotation and orbit 
results in continual changes in atmospheric path lengths for the direct component of 
solar radiation. The atmospheric path length increases with increasing SZA. With 
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increasing path length comes a greater air mass between the Sun and Earth’s surface, 
which increases the probability of absorption and scattering interactions within the 
atmosphere (Ortiz de Galisteo et al. 2008). 
3.3.2 Effects of Clouds 
Short-term fluctuations of solar UV radiation occur within the troposphere due to 
absorption and Mie scattering of solar radiation from cloud droplets under various 
weather conditions. Within any given climate zone, clouds are the dominant source 
of atmospheric variability of solar UV radiation (Lubin, Jensen & Gies 1998). 
During conditions of heavy cloud cover, solar UVB irradiance may be reduced to 
zero (Mantis et al. 2000). The extent of attenuation by clouds depends on cloud type, 
cloud coverage, cloud altitude and SZA (Blumthaler, Ambach & Salzgeber 1994; 
Kuchinke & Nunez 1999; Josefsson & Landelius 2000; Piacentini, Cede & Barcena 
2003). Conversely, many instances of elevated UV irradiance above clear-sky 
irradiance during broken cloud and cloud-haze conditions have been reported. Such 
enhancements result from radiation reflected from cumuliform clouds (Mims II & 
Frederick 1994; Weihs et al. 2000; Sabburg, Parisi & Wong 2001). 
3.3.3 The Altitude Effect 
At higher atmospheric pressures, the effective optical path length is greater due to the 
higher concentrations of atmospheric gas molecules, tropospheric ozone, aerosols, 
and a greater abundance of clouds (Schmucki & Phiipona 2002). Scattering and 
absorption of UV radiation are therefore greater at sea level than at high altitudes, 
and there is a direct relationship between altitude and UV irradiance. The altitude 
effect (AE) is given as a percentage increase in irradiance per kilometre by 
AE 100m v
v
I I
y
I
 
   
 
             (3.3) 
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where mI  is the high altitude (mountain) irradiance, vI  is the low altitude (valley) 
irradiance and y  is the difference in altitude in kilometres (Blumthaler, Ambach & 
Ellinger 1997). 
The decrease in scattering element concentrations with increasing altitude results in a 
change in the ratio of diffuse to direct irradiance, with a rapid increase in direct 
irradiance while the diffuse component remains constant or decreases (Blumthaler & 
Webb 2003, p. 47-8). The decrease in tropospheric ozone with altitude, and the 
preferential scattering of shorter wavelengths in the Rayleigh process cause a shift in 
spectral UV irradiance toward shorter wavelengths. The AE is therefore greater at 
UVB wavelengths. Lorente et al. (2004) for example, found clear-sky AE values of 
6% km
-1
 for solar UVA irradiance, 9% km
-1
 for UVB, and 11% to 14% for 
biologically effective UV irradiance. This is the probable cause of the higher 
incidence of ocular SCC in horses at high-altitude locations as noted in the previous 
chapter. 
3.4 Spatial Distribution 
3.4.1 Latitudinal Dependence 
The angle of incidence of solar radiation is greater at higher latitudes since SZA is a 
function of latitude, and hence the reduction in direct irradiance due to the cosine 
weighting is greater. In addition, the path length through the atmosphere is greater at 
higher latitudes, increasing the probability of absorption and scattering. 
Consequently, at any given moment in time there exists a decreasing latitudinal UV 
irradiance gradient on the daytime side of the Earth that extends from the equator to 
the polar regions. 
3.4.2 Hemispherical Differences 
The Southern Hemisphere on average receives greater UV exposure than the 
Northern Hemisphere (Seckmeyer et al. 1995; Madronich et al. 1998, p. 2). The 
greater population of the Northern Hemisphere due to the larger landmass results in 
greater anthropogenic emissions compared to the Southern Hemisphere. The greater 
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atmospheric aerosol loading and greater tropospheric ozone concentrations due to 
human activity result in lower ground level UV irradiance in the Northern 
Hemisphere (Blumthaler & Webb 2003, pp. 49-50). 
In addition to the effects of aerosols and tropospheric ozone, the Earth-Sun geometry 
also contributes to the imbalance of solar UV irradiance between the hemispheres. 
The winter solstice coincides with perihelion, which results in a 3.3% closer 
proximity of southern hemisphere to the Sun during summer compared to the 
northern hemisphere in summer. Consequently, the mid-summer southern 
hemisphere UV irradiance is about 6.6% greater than that of the northern hemisphere 
(McKenzie 1991). 
3.4.3 Surface Albedo 
The Earth’s UV surface albedo quantifies the fraction of global UV irradiance 
incident upon the Earth’s surface that is returned to the atmosphere by reflection. 
Albedo depends primarily on the nature of the reflecting surface and the wavelength 
of the incident radiation, and hence varies from one location to another. Typical 
albedo values range from 0.01 to 0.03 for grass, around 0.1 for sand, and 0.50 to 0.6 
for snow (Feister & Grewe 1995; Lester & Parisi 2002; Chadyšienė & Girgždys 
2008). In the case of fresh snow, UV albedo values approaching unity have been 
reported (Grenfell, Warren & Mullen 1994; Wuttke, Seckmeyer & König-Langlo 
1996). The measurements presented by these and other authors indicate that UV 
albedo also tends to increase with wavelength for natural surfaces. The superimposed 
effects of surface albedo and atmospheric turbidity also influence the altitude effect 
resulting in complex seasonal variations in global UV irradiance (Blumthaler, 
Ambach & Ellinger 1997; Schmucki & Phiipona 2002). 
3.5 Stratospheric Ozone and Total Column Ozone 
Total column ozone (TCO) is measured in Dobson units
1
 (DU) from the ground to 
the atmosphere’s perimeter and includes both tropospheric ozone and the 
                                                            
1 The Dobson unit is defined as an ozone thickness of 0.01 mm at standard temperature and pressure, 
or a concentration of 2.69  1020 m-2. 
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stratospheric ozone layer. Although tropospheric ozone plays a significant role in the 
altitude affect, it contributes only about 10% to the TCO. The ozone layer therefore 
plays the most important role in protecting the Earth’s surface from damaging high-
energy UVB radiation. 
Stratospheric ozone concentrations vary significantly in time and with latitude, 
resulting in both temporal and spatial variations in UVB irradiance. The inverse 
relationship between UVB irradiance by TCO has been well established (e.g. 
Fioletov, Kerr & Wardle 1997; Lam et al. 2002; Koshy et al. 2006). A decline in 
stratospheric ozone results in a spectral irradiance increase at the shortest UVB 
wavelengths of the solar terrestrial UV waveband. 
The sensitivity of biologically effective UV radiation to changes in ozone 
concentration is known as the radiation amplification factor (RAF), and provides the 
percentage change in biologically effective radiation that results from a 1% change in 
ozone concentration. The severity of many biological responses is inversely related 
to UVB wavelength. The RAF is therefore dependent on both the given response and 
wavelength of induction. Estimates of the RAF range from 1.1% to 2.3% for 
erythemal (sunburning) irradiance (Blumthaler, Salzgeber & Ambach 1994; 
Mendeva et al. 2005). Changes in biologically effective UV irradiance (UVBE) can 
be estimated directly from the RAF for small changes in ozone. For changes of more 
than a few percent in ozone, UVBE changes become nonlinear and are estimated by 
 
RAF
BEUV ~ TCO

         (3.4) 
under the assumption that UVBE for the given response decreases approximately 
exponentially with wavelength (Madronich et al. 1998, p. 5). 
Stratospheric ozone concentrations over the polar regions have been steadily 
declining since the early 1980s due to anthropogenic emissions of ozone depleting 
chemicals such as chlorofluorocarbons (CFCs) and halocarbons into the atmosphere. 
Consequently, solar UVB irradiance arriving at Earth’s surface at some locations has 
increased over this period (e.g. McKenzie, Connor & Bodeker 1999). 
The severity of ozone depletion is greatest over the Antarctic due to the unique 
atmospheric conditions of the polar regions. Polar stratospheric clouds (PSC) form 
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under the cold conditions of the winter circumpolar vortex, and act as a substrate for 
the formation of chlorine monoxide (ClO) and bromine monoxide (BrO) from CFCs 
and halogens. The arrival of springtime sunlight initiates photochemical reactions 
between these chemical species and ozone, resulting in massive ozone losses of 1% 
to 2% per day over Antarctica during the austral spring (Tolba 1992; Nichol et al. 
2001). The ozone loss and spatial extent of this ozone hole has increased 
significantly since 1980. The TCO over Antarctica during the August-October period 
in the 1960s and early 1970s was 275 DU to 300 DU. In 1984, the TCO declined to 
180 DU (Shaw & Stroup 1995, p. 9), and a new minimum of 126 DU was reported in 
September 2000 (Nichol et al. 2001). The area of the springtime ozone hole has 
increased from less than 3 million km
2
 in 1980 to almost 29 million km
2
 in 2000. The 
second largest area of ozone depletion of 28 million km
2
 occurred in September 2003 
(NOAA n.d.). 
The Montreal Protocol established in 1987, along with its subsequent revisions, aims 
to reduce global emissions of ozone depleting gases (Fraser & Prather 1999). Due to 
the long half-life of many ozone depleting substances, the exponential nature of the 
resulting decrease due to the Montreal Protocol, and the possibility that some 
substances may still be increasing, the restoration of the ozone layer is uncertain. The 
total atmospheric burden of ozone depleting substances may not peak until 2010 
(Montzka et al. 1999). 
3.6 Summary and Conclusions 
Solar ultraviolet radiation continually varies at the Earth’s surface in a complex 
manner due to a large number of superimposed spatial and temporal factors. These 
factors modulate both the irradiance and spectral distribution of the UV waveband. 
Atmospheric ozone and aerosol concentrations alter the refractive index of 
atmospheric layers causing changes in absorption and scattering of UV radiation. 
Changing SZA results in the expected diurnal and seasonal cosine modulation of 
irradiance, and also interacts with atmospheric processes via changes in atmospheric 
path length causing irradiance fluctuations over many different time scales. 
Furthermore, due to the spectrally selective nature of atmospheric attenuation, these 
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processes work in conjunction with path length to alter ground level spectral 
irradiance.  
As discussed in chapter 2, biological responses induced by UV radiation have strong 
spectral dependencies, with shorter wavelengths generally having a greater biological 
effectiveness. Although the irradiance of the solar UVB waveband is significantly 
lower than that of the UVA due to spectral atmospheric attenuation, the UVB 
waveband delivers substantially more energy and is absorbed more efficiently by 
protein and DNA molecules. The inverse relationships between wavelength and 
several important biological weighting functions were shown in figure 2.3. Due to 
the shift of the solar distribution to shorter wavelengths by atmospheric processes, 
meteorological conditions have an important impact on variations in biologically 
effective irradiance at the Earth’s surface. 
Stratospheric ozone depletion has caused a long-term shift of the spectral UV 
distribution to shorter wavelengths, especially near the polar regions, with a resulting 
nonlinear increase in biologically effective UV irradiance. Despite international 
efforts to reduce anthropogenic emissions of ozone depleting gases into the 
atmosphere, the timeframe for ozone layer recovery remains uncertain. 
Measurements of biologically effective UV radiation are therefore necessary to 
assess the biological effects of ambient UV exposures under various conditions of 
atmospheric variability and geometrical modulations. Measurements are also 
required to quantify amplification of UV irradiance due to ozone depletion, altitude, 
surface albedo and clouds, and the resulting biological consequences. Furthermore, 
due to the significant variability of UV irradiance, a detector developed for these 
measurements must be capable of maintaining a reasonable degree of accuracy under 
a radiation field that is constantly changing in both irradiance and spectral 
distribution during the course of the measurement. Since UV dosimeters naturally 
integrate all temporal UV variations into the response, dosimetry is a methodology 
well suited to solar UV exposure measurements. 
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4.1 Introduction 
Some cause gives rise to an effect in all detectors. For a UV radiation detector, the 
cause is the absorption of incident UV radiation and the effect is the response of the 
detector to that absorbed radiation. The response of an ideal detector for biologically 
effective solar UV measurements has optical properties that exactly match the 
behaviour of the biological response of interest. However, deviations of the optical 
properties of a detector are always present, and must be quantified in order to 
evaluate the performance of the detector. 
Radiant energy incident on the surface of a material is either absorbed or reflected 
depending on the nature of the material and the angle of incidence of the radiation. A 
material is suitable for dosimetry only if it is capable of absorbing radiation in an 
appropriate waveband, and the quantum yield resulting from that absorption is large 
enough to be quantified by some means. In actinometry, molecular bonds of the 
actinometer material are primarily responsible for the absorption of radiant energy. If 
the absorbed radiation is sufficiently energetic, molecules of the actinometer material 
are excited to a chemically active state resulting in photochemical reactions that are 
responsible for a chemical response of the material. Otherwise the radiant energy is 
redistributed thermally among the molecules and no response occurs. 
A range of methods are used for quantifying the UV induced response depending on 
the type of dosimeter employed. Biodosimeters frequently employ the quantification 
of cyclobutane pyrimidine dimer (CPD) type photolesion concentrations or protein 
production after incubation and staining. Some forms of chemical solution 
actinometry require high performance liquid chromatography (HPLC) analysis to 
determine chemical concentrations, while others depend on quantification of 
quantum yields or reaction rate constants. The simplest form of response 
quantification employs photometry, in which the response is a direct measure of the 
change in optical absorbance of the dosimeter material due to UV radiation exposure. 
This type of response quantification is the most cost effective, and may be conducted 
in any standard optical laboratory. In adhering to efficient and low cost 
methodologies, absorbance related optical properties applicable to solar UV 
actinometry are reviewed in this chapter. 
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4.2 Optical Absorbance and Response 
A photochemical change takes place within an actinometer material when the 
quantum yield due to the absorption of radiation is greater than zero. This 
photochemical change when quantified, gives a measure of the response of the 
material to UV radiation. Since the variation in response defines the optical 
properties of an actinometer, an efficient method for quantifying response is 
required. The most cost effective and versatile methods of UV actinometry employ a 
photosensitive material that experiences a change in optical absorbance due to the 
photolysis of the material by UV radiation. Quantifying this change is the underlying 
principle for this type of actinometry. 
The optical absorbance A of translucent materials is often expressed as 
0log
I
A
I
 
  
 
      (4.1) 
where I0 is the radiation intensity before absorption, and I is that after absorption; or 
in a solution as, 
0log
I
A lc
I

 
  
 
          (4.2) 
where  is the molar absorptivity of the material, l is the path length through the 
material, and c is the concentration of the solution (Yadav 2005, p. 7). 
The change in optical absorbance A of an actinometer material due to a given UV 
dose H is calculated from the difference between the absorbance before exposure and 
after exposure. The response is therefore given by 
     0A H A H A H   
               
 (4.3) 
where A(H = 0) is the absorbance before exposure and A(H) is the absorbance after  a 
given dose H. The absorbance of the material before and after exposure may be 
determined by equation 4.1 for a film type actinometer, or by equation 4.2 for a 
solution type. Alternatively, and perhaps more conveniently, these absorbances may 
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be measured directly with photometric equipment such as a spectrophotometer. 
Equation 4.3 assumes that the response is a monotonically changing function of dose 
(see section 4.4), and hence the sign of the response given by equation 4.3 is 
unimportant. 
The absorbance of an actinometer material is usually spectrally selective, and 
characterised by an absorbance spectrum A(). Hence the measurement of the 
actinometer’s response may depend on the wavelength of the radiation used for the 
response measurement. Equation 4.3 therefore becomes 
     L L L,λ 0,λ ,λA H A H A H               (4.4) 
where L is the constant wavelength used for the measurement of the absorbance. 
The absorbance spectrum of the actinometer material after exposure is not 
necessarily the same as that before exposure. This allows the response measurement 
to be optimised for sensitivity by means of the response spectrum 
     , 0, ,A H A H A H                (4.5) 
in which case  is a variable measurement wavelength ranging from 280 nm to 400 
nm. The wavelength at which A(H,) is maximised provides the greatest 
measurement sensitivity of the response when this wavelength is substituted for L in 
equation 4.4. 
4.3 Sensitivity 
The UV induced changes in a photosensitive material depend primarily on the 
overall sensitivity of the material to UV exposure. In most cases, actinometer 
materials exhibit interrelated sensitivities to spectral irradiance and to exposure. 
4.3.1 Exposure Sensitivity 
The exposure sensitivity SH is the change in absorbance A per unit UV dose H(t) 
received during the exposure period t, or 
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 H
A
S
H t

                 (4.6) 
where the spectral irradiance distribution of the source of H(t) is constant. Due to the 
spectral sensitivity of a dosimeter material, the exposure sensitivity must be 
evaluated employing a monochromatic UV radiation source at some reference 
wavelength. 
In the general case for actinometers, the photochemical reactions that drive the 
response of the actinometer become exhausted resulting in optical saturation. As 
saturation proceeds, the rate of change of the response induced by a given UV dose 
declines. Hence as saturation increases, the exposure sensitivity declines while the 
response variance either remains constant or increases (Diffey, Oliver & Davis 1982; 
González-López 2007). The dose resolution of an actinometer therefore decreases 
while measurement uncertainties increase due to saturation related reductions in 
sensitivity. 
4.3.2 Spectral Sensitivity 
The change in sensitivity per unit change in wavelength defines the spectral 
sensitivity of an actinometer material. When the dose sensitivity of a material is 
linear, the monochromatic spectral sensitivity S() is given by 
 
 d R
S
d




         (4.7) 
where dR() is the response that results from an infinitesimal change in wavelength 
d. Equation 4.7 does not hold when the exposure sensitivity is nonlinear since each 
wavelength has a range of sensitivities that depend additionally on dose (Bauer 
1968). 
In such cases, the relative spectral sensitivity must be employed. The ratio of the 
spectral sensitivity at any given wavelength S() to the spectral sensitivity at a 
reference wavelength S(0) defines the relative spectral sensitivity S()rel as 
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

         (4.8) 
(Bauer 1968). If S(0) is defined as the wavelength that maximises the response of 
the material, then the reciprocal of equation 4.8 gives a weighting function of the 
material known as the spectral response R(), which is given by 
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where H(,t) is the monochromatic dose at a wavelength of , and H(0,t) is the dose 
at which H(,t) is minimised due to the maximum effectiveness of the wavelength 
0. The spectral absorbance often resembles the spectral response, but may differ 
somewhat since photolysis and absorption cross-section are often independent 
functions of wavelength. 
Note that equations 2.1 and 4.9 are algebraically equivalent. The spectral response of 
an actinometer material is therefore analogous to a biological action spectrum, and 
hence the quantity R()H(,t) expresses the dose H(,t) as an equivalent 
monochromatic dose at the wavelength of 0. An actinometer material with 
equivalence between its spectral response and a given biological action spectrum is 
therefore particularly useful for quantifying biologically effective exposure for that 
response. 
4.4 Dose-Response and Calibration Functions 
In order for a dosimeter to provide UV dose measurements, its response must be 
cumulative, and must also be a function of UV radiation dose that changes 
monotonically. This dose-response function relates each level of the dosimeter’s 
response to a unique UV dose. If a suitable UV monitoring instrument is used to 
measure the dose, then the dose-response function provides a calibration of the 
dosimeter against that instrument.  
Due to the decline in sensitivity that results after optical saturation of an actinometer 
material, the dose-response function approaches a constant as dose increases, and 
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hence the dose-responses of many materials assume logarithmic or exponential 
forms. Since there should be no change in the response of a material before UV 
exposure, the first point on the dose-response curve is at the origin. Least squares 
regression curves of logarithmic or exponential forms therefore cannot be used. A 
useful property of the dose-response function however, is that since it is monotonic it 
has an inverse. The inverses of logarithmic and exponential functions can be very 
closely approximated by polynomials. Whether the dose-response or its inverse is 
used for calibration depends on the suitability of a least squares fit to the data. The 
use of least squares regressions with large R
2
 (Pearson coefficient of correlation) 
values largely removes the effects of nonlinearity of the material’s dose-response. 
The spectral sensitivity of a photosensitive material implies that its dose-response 
function is affected by the spectral irradiance distribution of the source. In some 
cases, a monochromatic calibration function determined by exposing a 
photosensitive material to a specific UV wavelength can be used to determine the 
calibration function for any other monochromatic wavelength. The monochromatic 
dose H() is given by 
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(Diffey 1989, pp. 138-9) where f(D) is the monochromatic calibration function and 
R() is the relative spectral response of the dosimeter material normalised to unity at 
some reference wavelength. For convenience, the wavelength used for normalisation 
is usually that which maximises the material’s response, but other wavelengths may 
also be used (Diffey 1989, pp. 139-41; Abdel-Rehim, Ebrahim & Abdel-Fattah 
1993). 
Monochromatic calibrations however, are not well suited to measurements of 
polychromatic biologically effective exposure due to the nonlinearity of most action 
spectra. As mentioned in the previous section, a photosensitive material with a 
spectral response that is in close agreement with a given biological action spectrum 
makes a suitable candidate for a dosimeter material to quantify biologically effective 
dose for that response. Currently, the spectral responses of photosensitive materials 
only coarsely approximate biological action spectra. The discrepancy between 
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spectral response and action spectrum can be accounted for by the correction factor 
Q given by Davis, Deane & Diffey (1976) as 
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(4.11) 
where P() is the relative spectral irradiance of the source, A() is the action 
spectrum, and R() is the spectral response of the material. In equation 4.11, P(), 
A(), and R() are all normalised to the same reference wavelength. The biologically 
effective dose, HBE, is then calculated by 
-2 (J m )BEH HQ        (4.12) 
where H is the monochromatic dose administered at the reference wavelength 0 that 
would produce a response in the photosensitive material equivalent to that of the 
actual broadband dose.  Calibration errors are further minimised by calibrating the 
material against a detector that is weighted for the same biological response that the 
material’s spectral response resembles. 
4.5 Dynamic Range 
In general, the dynamic range is the range of exposures over which the cause and 
effect of a detector are related. The UV dose-capacity of a dosimeter is the largest 
dose that can be accurately measured, while the dose-threshold is the smallest dose 
that can be measured by a dosimeter. Typically a trade-off exists between dose-
capacity and sensitivity. A high-sensitivity material exhibits a large change in 
response for a given UV radiation dose, but tends toward saturation more rapidly 
than a lower sensitivity material. The dynamic range is therefore calculated by 
subtracting the dose-threshold from the dose-capacity. In terms of the dose-response 
function (or its inverse), the dynamic range encompasses the segment of the curve 
between the dose-threshold and the region of optical saturation. The dynamic range 
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can be expressed relative to the dose-capacity as the relative dose range (RDR), 
given by 
C T
C
H H
RDR
H

        (4.13) 
where HC is the dose-capacity and HT is the dose-threshold. 
4.6 Angular Response 
The angle of incidence of a large portion of solar UV irradiance incident at the 
surface of a detector is non-normal due to changing SZA and the random directions 
of photons comprising the diffuse component of global solar UV irradiance. An 
understanding of the angular response of dosimeter materials intended for 
measurements of solar UV radiation is therefore required. The response of an ideal 
detector to a collimated uniform irradiance source decreases in as the cosine of the 
angle of incidence of the beam. The cosine error is the deviation of the angular 
response of the detector from the cosine function. The cosine error is commonly 
expressed as the f2 error, 
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where S(,) is the response of the detector,  is the angle of incidence of the source 
irradiance and  is the azimuth angle (Schreder, Blumthaler & Huber 1999). 
4.7 Time-Irradiance Reciprocity 
Radiation dose is directly proportional to irradiance. The conversion factor between 
these two quantities is time. An instrument that measures dose must therefore 
measure irradiance as well as time, such that the product of the two is linearly 
proportional to the measured dose. If a dosimeter material is to be used to measure 
dose in physical units, then the dose measured by means of the response of the 
material must also be proportional to the product of irradiance and time. This 
proportionality is known as the Bunsen-Roscoe law of reciprocity. In 
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photochemistry, this law requires that a radiation induced response due to a given 
dose is the same regardless of the exposure time and irradiance for primary reactions. 
The photochemical form of the Bunsen-Roscoe law is CIt   where It is the 
exposure (product of irradiance and time) and C is a constant. 
The review of reciprocity experiments by Martin, Chin & Nguyen (2003) indicates 
that the majority of biological responses obey reciprocity. Currently however, the 
dose-range over which reciprocity holds is unclear, and it has been suspected that 
biological responses may conform to reciprocity only within narrow dose-ranges. 
According to WHO (1997), biological responses are most likely the endpoints of 
secondary photobiological reactions to which reciprocity does not apply. Nonlinear 
biological responses resulting from very short exposures, and the action of repair 
mechanisms over long duration exposures contribute to deviations from reciprocity 
outside of a given dose-range (Sliney 2005). 
4.8 Temperature Dependence 
For the measurement of solar UV radiation by passive dosimetry techniques, the 
environmental conditions completely govern the temperature at which the detectors 
are deployed, and the temperature variations that occur during the exposure 
measurement. Although the temperature stability has been reported for only a small 
number of actinometer materials, the responses of the majority of these materials are 
independent of temperature (Kuhn, Braslavsky & Schmidt 2004). The kinetic 
mechanisms involved in photochemical responses are primarily photolytic. The 
photochemical quantum yield is usually temperature independent and thermal input 
does not usually contribute significantly (if at all) to the response of photosensitive 
materials (Moore & Zhou 1994). 
This independence of response and temperature however, is not always the case. 
Jankowski et al. (2000) for example, developed UV actinometers based on the 
photolysis of nitrate and nitrite, and found a 3% error corresponding to a 2C 
temperature change. The dependence of the response of an actinometer on 
temperature therefore requires quantification during its development such that the 
range of temperatures under which the actinometer can be deployed using a single 
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calibration can be established, and temperature correction coefficients determined for 
temperatures outside of this range. 
4.9 Dark Reaction 
Materials sensitive to UV radiation frequently have a slight post-exposure instability 
that results in changes in the materials response after UV radiation exposure has been 
terminated (Davis, Deane & Diffey 1976). Such post-exposure changes in response 
over time in the absence of radiation are collectively known as the dark reaction, 
although darkness is not required for these reactions to proceed. Since the dark 
reaction is based on chemical reactions within the actinometer material and not on 
photolysis, it is likely that the dark reaction will have at least some dependence on 
the temperature at which the actinometer is stored after exposure. If the actinometers 
are stored at a constant temperature after exposure, then the dark reaction can be 
quantified as functions of post-exposure time and temperature by 
     L L Lλ , , λ , , λ , 0,Dk p p p p p pA t T A t T A t T         (4.15) 
where ADk(L,tp,Tp) is the change in absorbance induced by the dark reaction 
measured at the wavelength of L after the material has been stored at a temperature 
of Tp for a time of tp after the exposure. According to equation 4.15, an increase in 
absorbance due to the dark reaction results in a positive dark response. If the dark 
reaction is not in the same direction as the UV induced response, then it is necessary 
to consider both the sign of the dark reaction and the sign of the response. 
4.10 Summary and Conclusions 
The response of an actinometer may be quantified either directly or indirectly by 
means of optical absorbance. The absorption of UV radiation by solution type 
actinometers allows the quantum yield and the photolysis rate constant to be 
determined, which provides a measure of response to UV irradiance or exposure. The 
change in optical absorbance of film type actinometers provides a direct measure of 
UV exposure. The exposure sensitivity and spectral sensitivity of an UV detector are 
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superimposed to give a dose-response or calibration curve that depends on both the 
spectral response of the material and the spectral distribution of the source. 
Calibration uncertainties arise from the discrepancies in spectral distribution between 
the calibration source and the UV source under measurement. This arises as a result 
of the dependence of both dose-response (equation 4.10) and the correction factor Q 
(equation 4.11) on the source spectrum. Solar radiation continually changes in dose-
rate and spectral distribution due to the geometrical and atmospheric parameters 
discussed in the previous chapter. Further uncertainties therefore arise from 
deviations of the actinometer material’s response from time-irradiance reciprocity 
and from the cosine response. Reciprocity errors may also be magnified by 
differences in reciprocity between an actinometer material and the UV induced 
biological response for which an actinometer material may be weighted. Due to the 
uncertainty of the dose ranges within which reciprocity holds for the various 
biological responses, such reciprocity related errors cannot currently be quantified. 
Given the effects of solar variation on the response of a detector, the most accurate 
calibrations for solar UV actinometry are achieved by minimising any differences 
between the calibration source and the UV source under measurement. For solar dose 
calibrations, this is most easily achieved by exposing both calibration and 
measurement actinometers to solar radiation simultaneously, and nearby a solar 
radiation monitoring instrument against which the actinometers are to be calibrated. 
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5.1 Introduction 
The first step in developing an actinometer suitable for large-dose UV measurements 
is to investigate and compare the dynamic ranges of currently available actinometer 
materials. Although the dynamic range is an important parameter for large-dose 
measurements, other optical properties relevant to the measurement of solar UV 
radiation must also be considered. 
The various optical properties of dosimeter and actinometer materials are reviewed 
and compared in this chapter. As previously mentioned, biodosimetry is currently the 
leading technique for the measurement of large UV radiation doses. The objective of 
this research however, is to develop a cost-effective actinometer that can be analysed 
by optical equipment available in a standard physics laboratory. The optical 
properties of the dominating biodosimetric methods will therefore be considered, but 
only as a reference for developing an actinometer that may be competitive with 
biodosimeters for large-dose UV measurements. 
The dynamic range is essentially meaningless unless it is considered in relation to the 
spectral response of the material. For example, if a material that is sensitive to only 
UVB wavelengths is exposed to a source of UVA irradiance, then the dynamic range 
is infinite since the material will never respond. Hence the dynamic range can be 
made arbitrarily large by exposing the material to wavelengths to which it does not 
respond. This presents a problem in comparing the dynamic ranges of materials that 
have been determined using different wavebands. In an attempt to overcome this 
difficulty, erythemally weighted exposures that are reported in the literature are 
converted to an approximate equivalent unweighted UVB dose according to 
McKenzie, Smale and Kotkamp (2004) by 
280 315nm EryUVB 7.55UV               (5.1) 
when the spectral response of the material is known to be weighted toward the UVB.  
An error of at least 10% applies to this conversion. In some cases, the spectral 
response of the material is unknown, or the spectral distribution of the irradiance 
source is not reported. In such cases, the dynamic range of the material cannot be 
directly compared with others. 
52 
 
5.2 Biodosimetry 
Biodosimetry utilizes UV radiation induced biological damage to rudimentary 
biological materials. A large number of such materials have been employed for the 
quantification of solar UV exposure, either by suspending the material in a solution 
or immobilizing by fixing the material to a film or glass plate. 
5.2.1 Vitamin D, Iodouracil, and DNA 
Methods of biodosimetry have been developed employing provitamin-D 
(Terenetskaya 2003), iodouracil (Rahn & Lee 1998), and calf thymas DNA (Ishigaki 
et al. 1999). The maximum conceivable dose-capacity of the provitamin-D solution 
based method was 4.1 kJ m
-2
 for UVB exposure. Greater dose-capacities have been 
realised by the iodouracil solution and calf thymas DNA film type dosimeters, with 
estimated UVB dose-capacities of 30 kJ m
-2
 for iodouracil, and 40 kJ m
-2
 to 100      
kJ m
-2
  for thymas DNA depending on the filter type employed. The dose-thresholds 
for these dosimeters have not been reported, and the optical properties have not been 
clearly characterised. 
5.2.2 Bacillus Subtilis 
One of the most common methods of biodosimetry utilises the common bacteria 
found in soil, Bacillus subtilis, in the form of film or plate type biodosimeters. These 
include DLR-biofilm (Institute of Aerospace Medicine, Cologne, Germany), and 
Viospor (BioSense, Bornheim, Germany). The sensitivity of B. subtilis films to UV 
radiation depends on the strain employed. DNA repair deficient strains have a higher 
sensitivity and are well suited to applications requiring a high resolution of dose 
(Rettburg & Cockell 2004). DLR-biofilm was used to quantify solar UV doses of up 
to about 28 MED or a UVB equivalent dose
 
of about 42 kJ m
-2
 over a 24 hour period 
(Rettburg & Cockell 2004). The authors state that DLR-biofilms are suitable for both 
short-term exposure measurements of at least ten minutes and long-term 
measurements of two months at most. This implies an estimated dose-threshold and 
dose-capacity of about 5 J m
-2
 and 2.5 MJ m
-2
 respectively, or a RDR of almost 
53 
 
100%. The authors also state that DLR-biofilms conform to reciprocity and have an 
angular response that approximates the cosine response. The peak spectral sensitivity 
of DLR-biofilm was shown to be 270 nm with a close correspondence to the DNA 
damage action spectrum in the UVB waveband but deviates toward overestimation at 
longer wavelengths. 
VioSpor biodosimeters are detailed by Quintern et al. (1992) and are also capable of 
large UV dose measurements (Moehrle & Garbe 2000). The dose-capacities of 
VioSpor extend from around 22.7 kJ m
-2
 to 680 kJ m
-2
 of UVB depending on the 
dosimeter type (BioSense n.d.). The BlueLine Viospor type-V dosimeter has the 
largest dose-capacity and has a dose-threshold of about 11 kJ m
-2
 providing an RDR 
of 98.3%. The UV radiation response of B. subtilis follows the law of reciprocity 
(Quintern et al. 1992) and corresponds closely to the erythemal action spectrum 
(Moehrle & Garbe 2000). According to the technical specifications, VioSpor has a 
reproducibility of 5% to 20% depending on dose, and has an absolute calibration 
uncertainty of ± 2.5 kJ m
-2
 (BioSense n.d.). 
5.2.3 Uracil Thin Layer 
RNA based uracil thin layer biodosimeters utilising polycrystalline layers of uracil 
have been developed (Gróf, Gáspár & Bérces 1994; Gáspár et al. 1995), and possess 
a large dynamic range. This dosimeter is capable of measuring UV radiation doses 
from about 50 to 400 MED using spectrophotometric post-exposure analysis (Gróf, 
Gáspár & Rontó 1996) or 75.5 kJ m
-2
 to about 604 kJ m
-2
 of equivalent UVB dose, 
giving this material a UVB dynamic range of 530 kJ m
-2
 or a RDR of 87.5%. The 
standard spectrophotometric and optical waveguide lightmode spectroscopy methods 
employed by Horváth et al. (2001) showed much lower dose-thresholds giving a 
RDR of better than 95%, but optical saturation reduced the dose-capacity to about 
700 J m
-2
. 
5.3 Actinometry 
UV actinometry involves a photosensitive non-biological material either suspended 
in solution or fixed to a translucent film or glass plate. The actinometer response is 
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usually obtained as a direct measurement of an optical or chemical property of the 
actinometer material that changes due to the photolytic action of UV radiation 
exposure. 
5.3.1 Chemical Solution Actinometers 
A number of chemical solution actinometers have been developed for UV radiation 
measurements. These include solutions of 2-nitrobenzaldehyde (Allen, Allen & 
Baertschi 2000) and 3,4-dimethoxynitrobenzene (Zhang, Esrom & Boyd 1999), 
benzophenone-benzhydrol (Rosenthal & Bercovici 1976), potassium iodide and 
iodate types (Rahn 1997; Rahn et al. 2003), sulfamethoxazol (Moore & Zhou 1994), 
and many others. The literature indicates that the expertise of a chemical technician 
is generally required for the preparations of these types of actinometers, and 
substantial labour and time is involved. Post-exposure analysis frequently requires 
determination of the quantum yield by HPLC analysis, although in some cases the 
response can be quantified by means of spectrophotometry. Furthermore, reaction 
vessels (usually quartz glass) are required which complicate the optical properties of 
the detector and adds to the cost of solution type actinometry. 
Although a substantial amount of research has been published relating to the 
development of solution type actinometers, the chemical film types dominate solar 
exposure research. This is most likely due to the lower costs, labour, and equipment 
demands required for these methods compared to both biodosimetry and solution 
type actinometry. 
5.3.2 Polysulphone Film 
Polysulphone film is perhaps the most extensively employed UV-sensitive material 
employed for UV actinometry, and has been well characterised. The research by 
Diffey (1989 pp. 143-4) shows that the onset of optical saturation occurs after 
polysulphone receives a dose approximately equivalent to 7.5 kJ m
-2
 of UVB. In 
addition to declining dose resolution, the coefficient of variation (CV) increases 
rapidly with increasing exposure within the region of saturation. The CV is 10% for 
an UVB equivalent dose of about 11.3 kJ m
-2
, and increases to around 30% at a dose 
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of 17 kJ m
-2
. The effective UVB dose-capacity of polysulphone film is therefore 
about 11.3 kJ m
-2
 if measurement uncertainties are to remain within 10%. CIE (1992) 
states the dose-threshold and dose-capacity of polysulphone as 1 kJ m
-2
 and 11 kJ m
-2
 
respectively, and hence a RDR of 91%. 
Although the dynamic range of the polysulphone actinometer is relatively small, a 
number of optical properties of polysulphone film make it well suited for solar UV 
actinometry, particularly for erythemal exposure measurements. The erythemal 
action spectrum (figures 2.2 and 2.3) is approximated by the spectral sensitivity of 
polysulphone film (Diffey 1989, pp. 139-43) (figure 5.1). This type of actinometer is 
therefore highly utilised for the erythemal dose measurements required in 
dermotological research. Polysulphone also exhibits an angular response with small 
deviation from the cosine response (Krins et al. 2000), and reciprocity is obeyed over 
most of the dynamic range from 2.5 kJ m
-2
 to 10 kJ m
-2
 (Davis, Deane & Diffey 
1976). 
The main disadvantage of polysulphone film as an actinometer material is its 
inability to directly quantify doses larger than about 12 kJ m
-2
 due to its limited 
dynamic range. The dynamic range of polysulphone has been extended by means of 
a wire mesh foil used as a grey filter. A single foil filter increases the dose-threshold 
and dose-capacity to 5 kJ m
-2
 and 60 kJ m
-2
 respectively, while a double foil 
increases these to 25 kJ m
-2
 and 300 kJ m
-2
 (CIE 1992). Another composite system 
formulated by Parisi & Kimlin (2004) employs a black and white developed 
photographic film as a filter. The combined response of the polysulphone film and 
the filter then provide the UV dose via a suitable calibration. This method extended 
the dynamic range of polysulphone to a UVB equivalent dose of about 151 kJ m
-2
. 
The addition of filters however, increases the costs and labour involved in the 
fabrication of these types of actinometers. 
5.3.3 Dyed Polyvinyl Alcohol and Polyvinyl Butanol Films 
A polyvinyl alcohol (PVA) film dyed with both hexahydroxyethyl pararosaniline 
cyanide dye (HPR-CN) and sandolan yellow N-3GL dye (SYN-3GL) was 
investigated for use in UVB actinometry by Abdel-Rehim, Ebrahim & Abdel-Fattah 
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(1993). The authors exposed the film to doses of up to 4 kJ m
-2
 of monochromatic 
UVB radiation to discern a cubic polynomial calibration function. No signs of 
saturation were evident within this dose range. Monochromatic exposures indicated a 
greater sensitivity of the film to UVB wavelengths, but also showed considerable 
response in the UVA compared to the erythemal action spectrum (figure 5.1). This 
actinometer material showed high sensitivity with a dose-threshold of around 260     
J m
-2
, and offers precision with a reproducibility of 3% including calibration. 
However, a deviation from reciprocity was seen to increase steadily from 5% for 
doses greater than 2 kJ  m
-2
. The PVA film provides superior exposure sensitivity 
and low dose-thresholds, but no evidence of dose measurements greater than 4 kJ m
-2
 
was found in the literature. Given the general relationship between dose-threshold 
and dose-capacity, it may be expected that this film cannot support a large dose-
capacity. The possibility exists however, of reducing the concentrations of HPR-CN 
and SYN-3GA in an attempt to reduce the sensitivity, and hence increase the dose-
capacity of the PVA film. 
Dyed chemical films have also been investigated by Ebraheem et al. (2000). These 
films were fabricated from PVA and polyvinyl butanol (PVB) and dyed with 
triphenyl tetrazolium chloroide (TTC). Monochromatic dose-response curves were 
obtained for both the PVA/TTC and PVB/TTC films at 492 nm and 366 nm, which 
indicated that both film types have nonlinear responses tending toward saturation 
with doses in excess of 16 kJ m
-2
 to 20 kJ m
-2
 of UVA exposure. The spectral 
sensitivity of the PVA/TTC film to wavelengths longer than 300 nm increases 
rapidly, while that of PVB/TTC steadily declines in this region (figure 5.1). Although 
greater in dynamic range compared to polysulphone, these films may present 
difficulties for solar dose measurements due to the large differences between their 
spectral responses and the common biological action spectra. 
5.3.4 Photosensitised Polyvinyl Chloride Films 
Photosensitive chemicals blended with polyvinyl chloride (PVC) have often been 
used in UV actinometry. Although PVC does respond to UV radiation, it is much 
more stable than the photosensitive chemical additive. The primary response is 
therefore presumed to be that of the chemical additive. 
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A dose-response function was established for a PVC film photosensitised with 
benoxaprofen (Diffey, Oliver & Davis 1982). This actinometer material provides a 
dose-capacity of about 80 kJ m
-2
 and an estimated dose-threshold of 2.9 kJ m
-2
 for 
320 nm monochromatic irradiance (RDR = 96.3%). The authors also determined the 
spectral response over the solar UV waveband that shows a peak at 320 nm (figure 
5.1). A close correspondence between the angular response of the film and the cosine 
function was shown, and reciprocity was demonstrated for a dose of 5 kJ m
-2
. No 
post-exposure dark reaction was observed. 
Other photosensitising agents used in PVC films include nalidixic acid (NA) (Tate, 
Diffey & Davis 1980; Gobbs & Young 1982), phenothiazine (Diffey et al. 1977), 
and 8-methoxypsoralen (8-MOP) (Diffey & Davis 1978). The broadband UV dose-
capacities of these materials were investigated and compared by Parisi & Wong 
(1999). The given dose-capacities were 150 kJ m
-2
, 100 kJ m
-2
, and 400 kJ m
-2
 for 
NA, phenothiazine and 8-MOP respectively. The authors also determined the 
broadband UV dose-capacity of 150 kJ m
-2
 for polysulphone. The spectral responses 
of each actinometer material given by the aforementioned authors are confirmed and 
compared by Parisi, Wong & Moore (1997). Of these actinometers, NA provides the 
closest spectral response match to the erythemal action spectrum. 
Dyed and photosensitised films have the advantage that the chemical additive 
concentration may be altered to achieve the optimum sensitivity for a given 
application. Some of the sensitised PVC films have broadband dose-capacities that 
are equal to, or up to 2.7 times greater than that of polysulphone. However, these 
dose-capacities are relatively small compared to the dose-capacity of poly(phenylene 
oxide) film discussed below. 
5.3.5 Poly(Dimethyl Phenylene Oxide) Film 
Davis, Deane & Diffey (1976) initially proposed poly(2,6-dimethyl-1,4-phenylene 
oxide) (PPO) as a material for use in UV actinometry. PPO film actinometers were 
tested for applications in building material weathering research by Berre and Lala 
(1989). The films were calibrated for very large broadband UV doses in excess of 15 
MJ m
-2
 in the 295 nm to 385 nm waveband with no signs of saturation. The 
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broadband dose-threshold estimated from the lowest dose data point of the 
calibration by Berre & Lala (1989) was 410 kJ m
-2
 suggesting a RDR of 97.3%.  The 
spectral response of PPO film has not been reported, and hence the dose-capacity 
cannot be estimated in terms of an equivalent UVB dose. 
It may be reasonable to presume that the spectral response of PPO film is weighted 
toward the UVB due to the chemical structural similarities between PPO and 
polysulphone, and the fact that most polymers of this nature absorb more efficiently 
in the UVB waveband. In this case, the 15 MJ m
-2
 broadband UV dose-capacity of 
PPO film would be largely overestimated due to the contribution of radiation in the 
UVA waveband. The broadband UV dose-capacity of polysulphone as reported by 
Parisi and Wong (1999) is about twelve times greater than the UVB dose-capacity 
given by CIE (1992). Hence assuming a similar spectral response of PPO film to that 
of polysulphone, the UVB dose-capacity of PPO film may be roughly estimated as 
1.4 MJ m
-2
. Or from another perspective, if the broadband dose-capacity of PPO film 
were reduced by more than 95% due to the elimination of wavelengths that do not 
contribute to its response (regardless of its response), then the dynamic range of PPO 
film would remain competitive with that of Viospor. 
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Figure 5.1: A comparison of the spectral responses of several of the actinometer materials reviewed in this chapter. These include 
polysulphone (Diffey 1989), PVA/HPR-CN (Abdel-Rehim, Ebrahim & Abded-Fattah 1993), PVA/TTC and PVB/TTC (Ebraheem et al. 2000), and 
PVC/benoxaprofen (Diffey, Oliver & Davis 1982). The erythemal action spectrum (CIE 1987) is included for reference. 
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5.4 Summary and Conclusions 
Biodosimeters have the largest dynamic ranges available. The most impressive are 
those based on B. Subtilis with dose-capacities in excess of 680 kJ m
-2
 and RDRs of 
better than 98%. However, inspection of the materials and methods of biodosimetry 
presented in the literature indicates these techniques are labour intensive, time 
consuming, expensive, and often require specialised equipment. 
A number of UV sensitive actinometric materials are available as an alternative to 
biodosimetry. Due to optical saturation, actinometer materials tend to be 
disadvantaged by their relatively small dynamic ranges compared to B. Subtilis based 
biodosimeters. The literature indicates however, that the most cost effective and most 
versatile method currently available for solar UV exposure quantification is chemical 
film actinometry.  
In the literature, little attention has been given to the dynamic ranges of actinometer 
materials. The properties reported for the materials discussed above however, 
indicate some possibility of providing a larger dynamic range than polysulphone. 
This is achieved either through the intrinsic optical properties of the material, or 
through developing composite systems that incorporate either photosensitising agents 
external filters. 
The chemical films that showed the greatest potential for large-dose measurements 
were photosensitised PVC films with 8-MOP having the largest reported broadband 
UV dose-capacity of 400 kJ m
-2
. The chemical preparation of these films however, is 
more expensive and time consuming than the preparation of a pure film such as 
unfiltered polysulphone. The estimated broadband dose-capacity of PPO film was 
over 37 times greater than that of 8-MOP without additives or filters. Although a 
number of possibilities exist for developing an actinometer with a larger dynamic 
range, the literature suggests that the utilisation of PPO film as an actinometer 
material may be the most cost effective since no dyes, sensitising chemicals, or 
filters, are required. The initial research by Berre and Lala (1989) also suggests that 
PPO film may provide a dynamic range that is competitive with biodosimetry. 
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Although there may be more risk in pursuing PPO film as a large-dose actinometer 
due to the lack of published optical characteristics compared to some of the materials 
discussed in this chapter, the large dose-capacity of PPO film warrants further 
investigation. The pilot study in appendix A is used to assess the feasibility of further 
development of PPO film for large-dose solar exposure measurements. A return to 
this point and a re-evaluation of the materials may be required, depending on the 
outcome of the pilot study. 
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6.1 Introduction 
In order to fulfil the objective of large UV dose quantification, a highly durable 
actinometer material is required that has the ability to absorb substantial amounts of 
solar UV radiation before saturating. The review of UV sensitive materials in chapter 
5 indicates that PPO film may best meet this latter requirement. The pilot study 
(appendix A) also provides preliminary experimental evidence of the larger dynamic 
range of PPO film, as well as evidence of suitable optical properties for solar UV 
actinometry. The durability of PPO film however, has not been reported in the 
literature. Assessment of the long-term durability of PPO film was required before 
acknowledging PPO as a suitable chemical film. 
For chemical film actinometers, the fundamental property of interest is the UV 
induced change in optical absorbance, which can be calibrated against a suitable 
instrument to provide a measure of UV radiation exposure. The optical properties of 
a given chemical film encompass the spectral dependence of the magnitude of the 
film’s change in absorbance, and the behaviour of the absorbance change in relation 
to the UV radiation climate in which the film is deployed. The physical development 
and durability assessment of PPO film actinometers, and the characterisation of the 
optical properties relevant to solar UV radiation exposure quantification are 
presented in the following sections. 
6.2 Equipment and Instrumentation 
6.2.1 Casting Table 
Sheets of PPO film were fabricated using a polymer film casting table (figure 6.1). 
The main components of the casting table are a highly polished glass plate (216 mm 
 280 mm) and a stainless steel casting blade. The casting blade is driven across the 
length of the glass plate by an electric motor. The height of the casting blade is 
adjustable allowing the distance between the glass plate and the casting blade to be 
changed, accommodating for the casting of films of any desired thickness. 
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Figure 6.1: The polymer film casting table employed by physicists at the University 
of Southern Queensland for the fabrication of various chemical films for use in UV 
actinometry.  
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6.2.2 UV Radiation Sources 
The primary sources of UV radiation employed in the optical characterisation 
experiments were artificial radiation generated by either xenon arc lamps or mercury 
lamps. Natural solar UV radiation at Toowoomba, Australia (27º33' S) was also used 
for solar radiation calibrations. An example solar UV spectrum is shown in figure 
6.2(d). 
A fluorescent UV lamp (model FS40/12, Philips, Lawrence and Hanson, 
Toowoomba, Australia) was used as a laboratory source for exposing large numbers 
of actinometers simultaneously. This lamp employs a 1.5 m, 38 mm diameter 
fluorescent tube. Although the spectral irradiance of this lamp has two peaks at 313 
nm and 365 nm, the spectral irradiance between these maxima is broadly distributed 
with about 43% and 57% of the irradiance in the UVB and UVA wavebands 
respectively (figure 6.2(a)).  
For experiments requiring collimated broadband irradiance, a solar UV simulator 
(model 15S, Solar Light Co., Philadelphia, USA) was employed. The irradiance 
source of the simulator was a 150 W xenon arc lamp. An output filtering system 
provides a spectrum that resembles that of the Sun. The simulator lamp was powered 
by the Solar Light XPS-200 stabilised power supply. The spectral irradiance of the 
solar UV simulator is shown in figure 6.2(c). 
Monochromatic irradiance was provided by an irradiation monochromator (figure 
6.3). This instrument is comprised of an air cooled LX/450-2 xenon arc lamp 
powered by a LPS255 HR universal arc lamp power supply, and a GM 252 single 
monochromator supplied by Spectral Energy, New Jersey, USA. Width adjustments 
of the monochromator input and output slits allow the bandwidth to be varied. The 
output irradiance is inversely related to the bandwidth. Several examples of the 
relative spectral distribution of different wavebands produced by the irradiation 
monochromator are shown in figure 6.2(b). 
The time required for the artificial sources to stabilise after activation was estimated 
by determining the raw uncalibrated output of each source with a spectroradiometer 
(described in section 6.2.3) immediately after lamp start-up and then at three to five 
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minute intervals thereon. The time interval between the start-up measurement and the 
time at which an uncalibrated measurement of the given source was within 2% 
(corresponding to the estimated precision of the spectroradiometer) of the previous 
measurement was used for this estimate. The stabilisation time for the fluorescent 
UV lamp, solar UV simulator, and irradiation monochromator were estimated to be 
12 minutes, 8 minutes, and 15 minutes respectively. These lamp stabilisation times 
were used for all experiments employing artificial radiation sources. 
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Figure 6.2: Relative spectral distributions of the fluorescent UV lamp (a), the irradiation monochromator at various UV wavebands of 4.4 nm 
FWHM bandwidth (b), the solar UV simulator (c), and natural solar UV radiation (d). 
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Figure 6.3: The irradiation monochromator at the University of Southern 
Queensland’s physics laboratory. The lamp housing is seen toward the rear of the 
instrument and the monochromator is toward the front. A PPO film actinometer is 
held in front of the output aperture by a retort stand for irradiation with 
monochromatic UV. 
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6.2.3 Irradiance Measurements and Calculations 
Several instruments were employed to determine the irradiance of the UV sources 
that were described in section 6.2.2. The primary instrument used for measurement 
of both natural and artificial sources of UV radiation was a scanning 
spectroradiometer. This instrument is comprised of a 15 cm diameter integrating-
sphere (model OL IS640, Optronics Laboratories, Orlando, USA), a 1200 lines mm
-1
 
double holographic grating monochromator (model DH10, Jobin Yvon Co., France) 
and a UV photomultiplier tube (model R212, Hamamatsu Co., Japan) temperature 
stabilised to 15.0 ± 0.5ºC. The spectroradiometer was calibrated for wavelength 
against the 365.0 nm mercury emission line of a mercury electric discharge lamp to 
within ± 0.1 nm, and against an air-cooled secondary standard quartz-tungsten 
halogen lamp for spectral irradiance. The secondary standard was powered by a 
Kenwood regulated power supply (model PD36 20AD) at a current of 9.500 ±   
0.005 A, monitored by a calibrated MX 56 Metrix multimeter. The secondary 
standard irradiance is traceable to the National Standards Laboratory at the CSIRO, 
Lindfield, Australia. The precision of the spectroradiometer was estimated by 
analysing the raw data from six scans of the secondary standard. The integrated data 
varied by less than 2% between these scans. However, the accuracy of calibrated 
absolute spectral irradiance measurements is uncertain by an estimated 10%.  
The spectral responsivity of the spectroradiometer was determined by performing a 
dark scan, and a secondary standard scan over the desired waveband using the 
wavelength increment d. The integrating-sphere and monochromator were 
maintained in complete darkness during the dark scans. The spectral responsivity 
R() was calculated over the waveband of interest by 
 
 
 
C
S
S
R
S dk





          (6.1) 
where SC() is the spectral irradiance of the secondary standard as determined by the 
National Standards Laboratory, and SS() is the spectroradiometer reading of the 
secondary standard over the waveband of interest. The dark response determined by 
the dark scans was independent of wavelength. The mean dark response dk over all 
wavelengths was therefore used in calculating the spectral responsivity. 
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The spectral irradiance above the dark response was calculated by 
      -2 -1 (W m  nm )SCI R S dk                    (6.2) 
where SSC() is the spectroradiometer reading of the irradiance source under 
measurement. The irradiance I was then calculated by 
 
2
1
-2 (W m )I I d


               (6.3) 
where 1 and 2 are the short and long wavelength limits respectively of the 
waveband of interest, and I() is the measured spectral irradiance. The values of 1 
and 2 were set to 280 nm and 400 nm respectively, and a d of 1.0 nm was used in 
the measurement of all radiation sources except for the irradiation monochromator. 
In this case, the irradiation monochromator output wavelength of interest was 
selected, and 1 and 2 were set to 10 nm below and 10 nm above this wavelength 
respectively. Due to the small full width half maximum (FWHM) of the irradiation 
monochromator, accurate irradiance calculations required a d of 0.1 nm. 
Irradiances from the fluorescent UV lamp were filtered by cellulose acetate (CA) to 
remove the small but significant UVC content of the spectrum, since this waveband 
is irrelevant to ground level solar irradiance. Due to the decrease in transmission of 
CA with increasing UV dose, the CA filter was replaced every 8 h for all exposures. 
The average transmission T() of the CA filter for an 8 h exposure (figure 6.4) was 
determined, and all spectral irradiance measurements of the fluorescent UV lamp 
were weighted by T() by 
   
2
1
Fl FlI I T d


                (6.4) 
where IFl is the irradiance of the fluorescent UV lamp after correction for CA 
filtering, and IFl() is the spectral irradiance of the lamp. 
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Figure 6.4: Average relative transmission spectrum T() of cellulose acetate film for an 8 h broadband exposure (272 kJ m-2) to the fluorescent 
UV lamp. 
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UV dose is a function of the irradiance incident on the exposed surface and the 
duration of the exposure. Since the artificial UV radiation sources used in this 
research are constant, the doses from these sources were calculated by 
-2 (J m )H It      (6.5) 
where I is the irradiance of the source calculated by equation 6.3 or 6.4 and t is the 
exposure time. Due to the continual variation of natural solar radiation, solar UV 
irradiance was measured at regular time intervals. The solar UV dose was then 
calculated by 
 
2
1
-2
0
 (J m )
T
H I d dt


                  (6.6) 
where T is the duration of the total exposure and dt is the length of each exposure 
time interval. The biologically effective dose was calculated by weighting I() 
(equation 6.2) against the action spectrum for the biological response of interest 
according to equation 2.2. 
A portable radiometer/photometer (model IL1400A, International Light 
Technologies, Massachusetts) employing a SEL400 20.5 mm diameter vacuum 
photodiode detector with a bandpass UV filter was operated in signal mode was also 
used to monitor the output irradiance of the artificial radiation sources. The 
manufacturer specified uncertainty of this instrument is 6% at best for radiometric 
measurements. The small dimensions of the SEL400 detector allowed the lamp 
irradiances to be checked during experiments involving the fluorescent UV lamp, 
and between the sequential exposures of actinometers involving the collimated 
sources. 
An outdoor erythemal meter (model 501, UV-biometer, Solar Light Co., 
Philadelphia, USA) was also used to monitor solar UV exposure. The 501 UV-
biometer is comprised of a quartz-glass dome covering a green glass and phosphor 
filter. Situated below the filter is a gallium-arsenide diode photodetector. The system 
is temperature stabilised (± 0.2ºC), and has a response that approximates the CIE 
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erythemal action spectrum (CIE 1992). This instrument is regularly calibrated against 
the scanning spectroradiometer, and thus has an estimated uncertainty of 10% at best. 
The UV-biometer data is integrated over 300 second intervals and recorded in units 
of MED as defined for type I skin. The spectral sensitivity of the UV-biometer is 
shown in figure 6.5. 
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Figure 6.5: Spectral sensitivity of the Solar Light 501 UV-biometer (solid curve) normalised to the maximum sensitivity at 293 nm compared to 
the CIE erythemal action spectrum (dashed line) (CIE 1987). 
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6.2.4 Optical Absorbance Measurements and Calculations 
Initially the effects of temperature and dark reaction on the response of PPO film 
were unknown. In order to minimise any such effects, the exposures were undertaken 
at a constant temperature, and the absorbance measurements were made within a 
short time after the exposure. The UV-1601 Shimadzu spectrophotometer was 
employed for optical absorbance measurements of PPO film. The manufacturer 
specified uncertainty of this instrument for absorbance measurements is ± 0.002. The 
preliminary adoption of the wavelength of 340 nm for L according to Berre & Lala 
(1989) allowed equation 4.4 to be employed to determine the UV induced change in 
absorbance. Absorbance spectra were obtained by measurements of absorbance at 1 
nm increments from 290 nm to 400 nm employing the scanning capability of the 
spectrophotometer. Change-in-absorbance spectra, or response spectra, were 
investigated by means of equation 4.5.  
Possible effects of dust or small film defects were minimised by measuring the 
absorbance at four different orthogonal orientations of the spectrophotometer beam 
with respect to the film surface and averaging these measurements. The 
spectrophotometer beam orientations were identical for measurements of both      
A(H = 0,L) and A(H,L), eliminating the effects of unquantified variations in 
irradiance across the beam of the collimated sources used in the investigations of the 
film’s optical properties. 
6.3 Physical Development and Actinometer 
Fabrication 
6.3.1 General Development Procedure 
PPO actinometer films were fabricated by dissolving PPO powder in chloroform 
(CHCl3) and applying the solution to the polymer casting table. The casting blade 
spreads the solution into a thin uniform layer over the glass plate, from which the 
chloroform evaporates leaving a thin film of PPO. Films of various thicknesses were 
cast by adjusting the distance between the glass plate and the casting blade. A feeler 
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gauge was used to ensure the distance between the glass plate and blade was uniform 
across the width of the glass plate. The films were separated from the glass plate by 
the surface tension of distilled water that was sprayed over the edges of the film. The 
newly manufactured PPO film was found to contract over a period of 12 hours to 18 
hours after casting. The films were therefore stored in a darkroom for a period of at 
least 24 hours after casting to allow for physical stabilisation before use. Sheets of 
PPO film of sufficient quality and durability were then cut to size to cover the 12 mm 
 16 mm apertures of 30 mm  30 mm square PVC frames to form the PPO film 
actinometers (figure 6.5). 
 
 
Figure 6.6: An actual size PPO film actinometer displayed on a blue background 
(left) and the PPO film actinometer schematic (right). 
 
 
 
6.3.2 PPO Film Quality and Durability 
The quality of PPO film was investigated before exposure to UV radiation, and its 
durability was investigated both before and after exposure. The quality of the films 
was assessed subjectively in terms of visual transparency and surface blemishes, 
which were determined through visual inspection. Observing the ease at which 
tearing and fractures occurred during removal of the film from the casting table was 
used to assess pre-exposure durability. The ability of dosimeters to withstand outdoor 
environmental forces, and the normal handling required for post-exposure analysis 
after a near-saturation exposure without sustaining damage was used as an indicator 
of sufficient post-exposure durability. The PPO dry mass to chloroform volume ratio 
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(mixing ratio), film thickness, and chloroform evaporation rate were found to affect 
the quality and durability of the film. 
Film Thickness 
PPO films of acceptable quality and pre-exposure durability could be cast at 
thicknesses of up to 60 m using a mixing ratio of 0.12. Film thicknesses greater 
than 60 m were brittle and could not be removed from the casting table. Although 
the 60 m films did endure UV radiation exposures up to the saturation exposure 
(section 6.4.1), their post-exposure durability was dubious. These films became 
brittle and fragile well before the saturation exposure was reached, and were very 
easily damaged during the post-exposure analysis. 
Mixing Ratio and Chloroform Evaporation Rate 
High quality films with acceptable pre-exposure durability could be cast in the range 
of 0.06  mixing ratio  0.32, where the mixing ratio is defined as the mass of dry 
PPO powder to the volume of chloroform used in the PPO solution for casting. Due 
to the very low viscosity and the large solidification time required for films cast 
using mixing ratios of less than 0.06, adjusting the distance between the casting blade 
and the glass plate did not control the film thickness. Such ratios resulted in poor 
quality films of non-uniform thickness. Mixing ratios greater than 0.36 resulted in 
saturation of the chloroform and failure of the PPO powder to completely dissolve. 
The high viscosity and rapid solidification of films cast at mixing ratios greater than 
0.32 also resulted in very poor quality films. The best casting results were achieved 
for mixing ratios of around 0.13, near the midpoint of the range. In order to decrease 
the time required for the PPO powder to dissolve, the mixing ratio was 
systematically decreased from 0.32 until visible decreases in film quality and/or pre-
exposure durability were observed. No difference was observed in these properties 
until a mixing ratio of less than 0.12 was used. The effect of mixing ratio on the UV 
dose-response function of PPO film was found to be negligible (section 6.4.1). All 
subsequent PPO films were therefore cast using a mixing ratio of 0.12, providing the 
shortest dissolution time and a suitable solidification time.  
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The evaporation rate of the solvent from solution during casting is known to have an 
effect on the surface properties of polymer films. The fume hood in which the casting 
was done was not temperature stabilised, resulting in different evaporation rates 
depending on the ambient temperature of the laboratory. Casting at temperatures 
above about 25C resulted in a rippled or frosted appearance of the film causing low 
visible transparency. The casting table enclosure was partially covered to prevent 
condensation from the walls of the fume hood dripping onto the casting table. During 
the summer months, this also served to reduce the chloroform evaporation rate 
allowing high quality PPO films to be cast at temperatures greater than 25C. 
6.3.3 Film Thickness Measurements 
The distance between the casting-blade and the glass plate were altered to provide 
different film thicknesses of 15 m, 20 m, 40 m, 50 m and 60 m. The mixing 
ratio was 0.12 for all film thicknesses other than the 15 m film, which required a 
mixing ratio of 0.06. 
The thicknesses of the PPO films were measured by means of optical wedge 
interferometry (appendix B). An optical wedge was formed by two optically flat 
glass plates (50 mm  60 mm  10 mm) stacked horizontally with one edge in 
contact and a sliver of PPO film between the edges at the opposite end to form an air 
wedge between the glass plates (figure B-1). The glass plates were then mounted on 
a travelling microscope in order to view the interference pattern created by the 
wedge. A sodium lamp was mounted above the eyepiece of the travelling microscope 
to illuminate the wedge with monochromatic radiation of 589 nm. 
The lamp was mounted such that the radiation was normally incident on the upper 
surface of the glass plate. Due to constructive and destructive interference between 
radiation reflected from the lower surface of the upper glass plate and the upper 
surface of the lower glass plate, bright and dark fringes parallel to the contacting 
edges were observed through the travelling microscope. The number of fringes per 
unit length of the wedge was used in conjunction with the wedge geometry to 
calculate the film thickness. The theory behind this technique is given in appendix B. 
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The accuracy and precision of the optical wedge were assessed by employing the 
wedge to measure the thickness of 20 m, 30 m, 40 m and 50 m feeler gauges. 
The gauges were measured five times in random order. The data are provided in table 
6.1. Errors of up to 16.6% were encountered for individual measurements. However, 
the mean of five measurements was within 5.3% of the specified feeler gauge leaf 
thickness. This indicates that multiple measurements of a given PPO film sample 
using the optical wedge will be required to provide film thickness measurements 
with a reproducibility of better than 6%. 
Table 6.1: Results of the feeler gauge leaf thickness measurements made 
using the optical wedge interference technique to test the accuracy of PPO 
film thickness measurements using this method. 
 
Sample 
Leaf Thickness (m) 
20 30 40 50 
1 17.79 33.44 42.67 49.49 
2 19.36 31.31 40.46 47.78 
3 23.31 32.93 37.56 48.98 
4 21.47 27.52 41.99 53.49 
5 22.89 32.71 38.34 49.18 
Mean (m) 20.96 31.58 40.20 49.78 
Std Dev (m) 2.35 2.40 2.22 2.17 
Error (%) 4.28 5.27 0.510 0.432 
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6.4 Optical Characterisation of PPO Film 
Actinometers 
6.4.1 Effects of Mixing Ratio and Film Thickness on Dose-
Response 
Mixing Ratio 
The effects of mixing ratio and film thickness on dose-response functions are 
investigated in this section. Any changes in the dose-response function due to mixing 
ratio or to film thickness will be used to optimise the dynamic range and dose-
threshold of the actinometer. 
The effect of different mixing ratios was investigated by casting two films of 20 m 
thickness with different mixing ratios of 0.06 and 0.12. Two batches of five 
actinometers were fabricated from these films and the pre-exposure optical density 
was measured. As mentioned earlier, L has yet to be optimised, and hence 
Lλ 340 nm  is used for the spectrophotometer lamp wavelength for this experiment. 
The actinometer batches were centred both lengthwise and breadthwise below the 
fluorescent UV lamp in an array of five by two rows (15 cm  6 cm) parallel to the 
fluorescent tube. The actinometers were suspended below the lamp at a distance of 6 
cm from the tube. In this configuration, irradiance variations related to the 
lengthwise geometry of the lamp were avoided since any given actinometer was at 
least 67.5 cm from either end of the lamp. The spectrum of the fluorescent UV lamp 
has a small component of UVC radiation. In order to keep the irradiance waveband 
consistent with solar UV radiation, the actinometers were placed under a layer of CA 
to remove the UVC wavelengths from the spectrum. After the stabilisation period of 
the fluorescent UV lamp and prior to exposure of the actinometers, the lamp output 
was measured with the scanning spectroradiometer. Equations 6.1 to 6.5 were used to 
calculate the UV radiation dose from the lamp. The actinometers were removed from 
exposure for measurement of A(340 nm) with the spectrophotometer at various 
exposure time intervals. The lamp output was also remeasured with the IL1400A 
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radiometer at these intervals. After scanning, the actinometers were immediately 
returned to exposure under the fluorescent UV lamp. In order to minimise possible 
effects of spatial irradiance variations due to lamp geometry or centering of the 
actinometers under the lamp, the position of each actinometer in the array was 
randomised after each interval. The exposure time intervals ranged from 30 minutes 
to 8 hours. As indicated by the pilot study (appendix A), the rate of change in optical 
density decreases with increasing UV dose. The time intervals were therefore slowly 
increased during the course of the experiment. The optical absorbance of cellulose 
acetate increases slowly with UV radiation exposure, and was therefore replaced 
after each 8 hours of exposure. The exposure was continued until the films began to 
disintegrate. The maximum variation in lamp irradiance measured at the various time 
intervals by the IL1400A during the exposure was less than 4% and was within the 
uncertainty of the radiometer. 
Figure 6.6 shows the dose-response curves for the two films produced using the 
different mixing ratios of 0.06 and 0.12. The response difference falls within the 
estimated experimental error of 6% for all doses greater than 100 kJ m
-2
, but is 
always positive indicating a slightly higher sensitivity for the lower mixing ratio 
film. The difference however, may also be due to a slight difference in thickness 
between the two films. The shape of the dose-response curves for both mixing ratios 
is essentially the same. 
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Figure 6.7: Dose-response comparison for 20 m PPO film cast using mixing ratios of 0.06 (dashed curve) and 0.12 (dotted curve). The relative 
difference between the responses at the two mixing ratios is given by the solid curve (right axis). The error bars represent an estimated 6% 
error in the response due to film thickness variations, timing errors, and lamp alignment errors. 
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Film Thickness 
As indicated by the pilot study in appendix A, the A() spectrum differs 
significantly for different film thicknesses. It may therefore be possible to optimise 
the dynamic range of PPO film actinometers by altering the film thickness. 
Investigations of the effects of film thickness on dose-response were conducted by 
the exposure of batches of five actinometers fabricated from PPO films cast at 
thicknesses of 15 m, 20 m, 40 m, 50 m, and 60 m. The exposure source and 
time interval regime were the same as for the mixing ratio experiment described in 
the previous section. The IL1400A radiometer measurements after the stabilisation 
period and after the maximum exposure period of each film thickness showed a 
variation of about 6%. The UV induced A(340 nm) responses for each film 
thickness are plotted in figure 6.7.  
The dose-responses of the 15 m and 20 m films are approximately linear up to a 
dose of about 1 MJ m
-2
, whereas the thicker films increase as a power of dose in this 
range. The slopes of the dose-response curves are very similar for doses larger than 
about 2 MJ m
-2
, indicating that all films approach optical saturation at approximately 
the same rate. These observations indicate that the actinometer’s sensitivity, and 
hence dose-threshold, can be improved substantially without significantly affecting 
the dose-capacity by employing thicker PPO films. The relative difference between 
the response of 15 m and 60 m films after an exposure of 17  kJ m-2, for example, 
is 93.8%. 
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Figure 6.8: Dose-response curves (left axis) resulting from the broadband UV exposure of PPO films of thicknesses 15 m (a), 20 m (b), 40 m 
(c), 50 m (d) and 60 m (e). The dashed curve represents the relative difference between the A(340 nm) of 15 m and 60 m films (right 
axis). The error bars represent an estimated 6% error in the response due to film thickness variations, timing errors, and lamp alignment errors. 
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Returning to the subject of durability (section 6.3.2), this film thickness experiment 
indicated that 60 m films became brittle after large exposures and are not 
sufficiently durable for use as large-dose actinometer films. Films cast at 50 m 
could be used for indoor measurements of artificial UV sources, but are unlikely to 
withstand inclement outdoor conditions and are therefore not considered suitable for 
large exposure measurements of solar UV radiation. However, 40 m films were 
demonstrably robust and are unlikely to be damaged even in severe outdoor 
conditions. The casting of PPO films of 40 m using a mixing ratio of 0.12 is 
therefore adopted as the casting method for actinometer films. 
6.4.2 Spectrophotometer Measurement Wavelength 
The optical absorbance spectra of PPO film were obtained for films exposed to a 
wide range of UV doses in order to determine the spectrophotometer lamp 
wavelength L at which the UV induced response measurement is maximised. L was 
investigated by exposing a batch of five film samples to broadband UV radiation 
from the fluorescent UV lamp. Broadband exposure was used since the spectral 
response of PPO film has yet to be determined. The response spectrum given by 
equation 4.5 was determined at five different time intervals ranging from 0.5 h to 68 
h during the exposure, corresponding to UV doses of 17 kJ m
-2
, 272 kJ m
-2
, 544      
kJ m
-2
, 1223 kJ m
-2
 and 2310 kJ m
-2
. The mean A() of the batch was determined 
after each of the exposure periods. Figure 6.8 shows an increase in the absorbance 
spectrum with increasing dose. A wavelength dependent monotonic increase in 
A() is observed in the 320    400 nm range. At shorter wavelengths a local 
maximum occurs between 302 nm and 307 nm depending on the dose. These 
features shifted to slightly longer wavelengths with increasing UV exposure. 
The A() drops rapidly to zero on the short wavelength side of this maximum 
almost independently of dose and , as seen in figure 6.8. The greatest A() at 
wavelengths longer than the short wavelength maximum was observed at 
approximately 320 nm. Compared to the region of the short wavelength maximum, 
the 320 nm point on the spectrum does not shift significantly with dose. The 
maximum exposure sensitivity providing stable A() measurements for doses of up 
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to 2.31 MJ m
-2
 is therefore achieved by adopting a spectrophotometer lamp 
wavelength of L = 320 nm. The results shown in figure 6.8 were obtained for a film 
thickness of 40 m. 
Reanalysis of the film thickness data from section 6.4.1 using L = 320 nm for 
absorbance measurements showed a dose dependent improvement in response 
measurement sensitivity in 40 m, 50 m and 60 m films. These improvements 
ranged from 2.1% to 6.8% for a dose of 17 kJ m
-2
, and increased with dose to 11.2% 
to 12.6% at 2.9 MJ m
-2
, with the thicker films contributing more to this 
improvement. Due to the improvement in the sensitivity of response measurements, 
all subsequent measurements of optical absorbance used in this work are made at the 
spectrophotometer lamp wavelength of L = 320 nm. 
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Figure 6.9: Optical absorbance spectra of 40 m PPO film samples after exposure to broadband UV doses of 17 kJ m-2 (a), 272 kJ m-2 (b), 544 kJ 
m-2 (c), 1223 kJ m-2 (d), and 2310 kJ m-2 (e). 
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6.4.3 Effect of Spectrophotometer Beam 
The spectrophotometer lamp wavelength that maximises the sensitivity of the 
response measurements lies within the waveband to which the PPO film is sensitive. 
It is therefore necessary to quantify any effects of the spectrophotometer beam on 
optical absorbance of PPO film. 
The absorbance of an unexposed PPO film actinometer was measured ten times 
repeatedly at the same film location at the spectrophotometer beam wavelength of   
L = 320 nm. This was repeated for a total of fifteen actinometers. The ten 
measurements served to provide the film with a dose from the spectrophotometer 
beam of five times that required for analysis. The mean optical absorbance of the 
fifteen actinometers was determined before a further set of ten measurements (1) 
and again after the last set of ten (10). This experiment was repeated for unexposed 
40 m PPO film samples, and films that had received a UV dose of 1.22 MJ m-2. For 
all films, the alternate hypothesis 10 > 1 was easily rejected by a one-tailed paired 
t-test at the 95% confidence level (appendix C) indicating that the 320 nm 
spectrophotometer beam causes no detectable change in the film’s absorbance during 
analysis. 
6.4.4 Response Reproducibility 
The simultaneous exposure of five PPO film actinometers in the film thickness 
experiment (section 6.4.1) suggests that the response of this film can be reproduced 
for any given UV dose with reasonable precision. The ability of the actinometer to 
resolve UV doses depends on this reproducibility. In this section, the reproducibility 
of PPO film response is examined with a larger sample size in order to provide the 
coefficient of variation (CV) over the entire dynamic range. 
Fourteen actinometers were simultaneously exposed to broadband irradiance from 
the fluorescent UV lamp for a total time of 84 h. During the first five hours of 
exposure, the A(320 nm) response of each actinometer was measured at intervals of 
0.5 h. The measurement interval was increased to 12 h during the remaining 
exposure time. The spectroradiometer was used in conjunction with equations 6.1 to 
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6.5 to measure the lamp irradiance and calculate the UV dose received by the 
actinometers at each time interval. The mean and standard deviation of the fourteen 
response measurements were then used to calculate the CV for each dose. 
The CV is shown in figure 6.9 as a function of the UV dose, along with the 
corresponding response for each dose. The CV was less than 4% for doses up to 
about 700 kJ m
-2
 (A(320 nm) < 1.4). A steady increase in the CV occurred with 
increasing exposure to a maximum of 6.5% at a dose of 2851 kJ m
-2
               
(A(320 nm)  2.3. The response variations result from both intrinsic and extrinsic 
factors. Intrinsic factors include the film’s optical quality, contamination of PPO 
during fabrication, and deviations in film thickness. Lamp alignment errors, 
fluctuations in lamp output, spectrophotometer measurement uncertainties, exposure 
timing errors, and changes in the optical absorbance of the cellulose acetate filter all 
contribute to the extrinsic factors of the obtained reproducibility. The quadratic 
regression fitted to the CV data shown in figure 6.8 allows an estimate of the CV to 
be calculated for any given response in the range of 17  A(320 nm)  2851 kJ m-2 
with an R
2
 value of 0.947. The estimated CV is given by 
2CV 1.1647 0.4618 3.1x x         (6.7) 
where the A(320 nm) response is denoted by x.  
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Figure 6.10: Reproducibility of broadband UV doses in terms of the coefficient of variation (CV) as a function of dose (). The dashed curve 
represents the least squares regression 21.1647 0.4618 3.1y x x    fitted to the CV data (R2 = 0.947). The calibration curve () employing the 
mean A(320 nm) at each dose is included for reference. 
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6.4.5 Temperature Dependence 
In order to determine the effect of temperature on the A(320 nm) response, six 
batches of ten 40 m PPO film actinometers were submerged in a 40 litre heated 
water bath suspended from a floating platform at a depth of 1.5 cm. Evaporation was 
minimised by insulating the water surface with polystyrene beads, and by increasing 
the water volume by interconnecting five 40 litre water tanks with the water bath by 
syphons. A small rectangular slot (4 cm  10 cm) above the floating platform was 
kept free of beads by a wire frame so that the actinometers could be irradiated from 
above. An equal broadband UV dose was administered to each batch by the 
fluorescent UV lamp at a different water temperature (table 6.2). The low 
temperatures were obtained by initially cooling the water with icepacks, and then 
maintaining these temperatures with an immersion cooler during the course of the 
exposure. The mean A(320 nm) of each batch was measured after exposure and are 
compared in figure 6.10. 
Table 6.2: Response measurements of 40 m PPO film actinometers after 
exposure at six different temperature levels. 
 
Water Temperature 
(C) 
Mean A(320 nm) 
Uncertainty 
(C) 
1.5 1.9498  0.5 
10 1.9233  0.5 
20 1.8977 -1, +2 
30 1.9459  0.5 
40 1.8920  0.5 
50 1.9475  1.5 
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Figure 6.11: Effect of temperature during exposure on the UV induced response of 40 m PPO film actinometers from 1.5C to 50C. The x-
error bars indicate the uncertainty in temperature during the exposure, and the y-error bars are based on a 6.6% CV predicted by equation 6.7. 
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Analysis of variance showed no significant difference between actinometer responses 
at the six temperature levels (p = 0.593) (appendix D). The variation in response 
between actinometers was about 5% at each temperature level, and the temperature 
variation at each level was less than 2%. As expected, the response of PPO film 
actinometers is independent of temperature in the temperature range from 1.5C to 
50C. 
6.4.6 Artificial Source Calibration Functions 
As indicated by figure 6.7 the calibration equations depend strongly on film 
thickness. The entire set of calibration equations are given in appendix E. The work 
in the previous sections indicates that a PPO film thickness of 40 m with responses 
measured at L = 320 nm optimises the exposure sensitivity. A broadband 
fluorescent UV lamp calibration equation was obtained employing these parameters 
(figure 6.11()) by reanalysing the 40 m data from section 6.4.1. It should be noted 
that the UVB irradiance of the fluorescent UV lamp relative to the total irradiance is 
significantly greater than that of natural solar radiation. Furthermore, unlike the solar 
radiation field, the spectral distribution, dose rate, and angular distribution of the 
fluorescent UV lamp radiation field are constant. The calibrations presented in this 
section are therefore used to examine the potential of PPO film actinometry for 
quantifying biologically effective dose, but cannot be employed directly as a 
calibration for accurate solar dose measurements. 
Third order cubic regressions are frequently used in actinometry for calibration as it 
is well suited to data associated with optical saturation related phenomena. The R
2
 
values were substantially closer to unity for the third order cubic than for lower order 
polynomials. The calibration equation given by the regression for broadband UV 
exposure is 
3 2 -2213.47 21.53 266.14  (kJ m )H x x x                 (6.8) 
with an R
2
 value of 0.997, where H denotes the broadband UV dose calculated from 
the measured spectral irradiance using equations 6.4 and 6.5, and x is the         
A(320 nm). 
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The UVB and UVA doses were determined by applying equations 6.4 and 6.5 to the 
irradiance measurements described in section 6.4.1, and the biologically effective 
doses for the common biological responses were also calculated by equations 2.3 and 
6.5. The calibrations for these wavebands are shown in figure 6.11. The scaling 
factors for the common biologically effective dose calibrations were also determined 
from the ratio of biologically effective UV irradiance to broadband irradiance (table 
6.3). 
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Figure 6.12: Fluorescent UV lamp calibration curves for broadband UV dose (), UVB dose (), UVA dose (), erythemal dose (), and 
photokeratitis weighted dose (). Solid lines are scaled against the left axis while dashed lines are scaled against the right axis. The error bars 
represent the CV as estimated for each A(320 nm) by equation 6.7. The error bars are identical for all calibration curves. 
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Table 6.3: Fluorescent UV lamp irradiances for various UV wavebands and 
biological weightings, and the ratio A of the irradiance of a given waveband or 
weighting to the broadband UV irradiance. 
 
The calibration equations for the wavebands or biological weightings given in table 
6.3 are given by 
-2 (kJ m )H AH          (6.9) 
where H' is either the dose within a given waveband or the biologically effective 
dose as appropriate, A is the ratio given in table 6.3, and H is the broadband dose 
calibration given by equation 6.8. In addition to the UV wavebands, figure 6.11 
shows the calibration curves for erythemally weighted and photokeratitis weighted 
dose. 
6.4.7 Time-Irradiance Reciprocity 
A time-irradiance reciprocity experiment was designed to assess the reciprocity of 40 
m PPO film actinometers for a large UV dose. A broadband dose of 1.9 MJ m-2 was 
administered to batches of ten actinometers from the fluorescent UV lamp. The dose 
rate was altered for each batch by irradiating the batches at different distances from 
the lamp. The spectroradiometer was employed to measure the irradiance output of 
Waveband or Weighting Irradiance 
(W m-2) 
Ratio (A) 
UV 9.438 1 
UVB 4.148 4.395  10-1 
UVA 5.499 5.826 10-1 
Erythemal 1.276 1.352  10-1 
Vitamin D 2.129 2.256  10-1 
Actinic 5.661  10-1 5.998  10-2 
DNA Damage 8.882  10-2 9.411  10-3 
Photoconjunctivitis 2.798  10-2 2.965  10-3 
Photokeratitis 4.195  10-1 4.445  10-2 
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the fluorescent tube at six different distances from the tube. Equations 6.4 and 6.5 
were used to calculate the time required for the lamp to produce the broadband dose 
of 1.9 MJ m
-2
 from the six different lamp distances. The lamp distances and the 
corresponding measured irradiances and calculated exposure times are listed in table 
6.4, and the reciprocity results are plotted in figure 6.12. 
Table 6.4: Distances, measured irradiances and calculated exposure times 
used in the time-irradiance reciprocity experiment. 
 
The Bunsen-Roscoe law of reciprocity is valid for the actinometer if the A(320 nm) 
responses are equal for the different dose rates. The average response to the 1.9     
MJ m
-2
 dose was a A(320 nm) of 1.5. The responses were equal within the CV of 
4% expected for this magnitude of response for irradiances from 2.1 W m
-2
 to 11.7        
W m
-2
. However, the response begins to accelerate for the given dose when the 
irradiance falls below 2.1 W m
-2
. This low irradiance deviation from reciprocity 
reaches 13% at 1.0 W m
-2
. 
Lamp Distance 
(m) 
Irradiance 
(W m-2) 
Exposure Time 
(h) 
0.52 1.01 522.8 
0.42 1.13 466.0 
0.32 1.43 367.1 
0.17 2.07 255.2 
0.12 3.67 143.7 
0.06 11.74 44.9 
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Figure 6.13: Reciprocity result for 40 m PPO film actinometers exposed to a broadband dose of 1.9 MJ m-2. The A(320 nm) () is plotted 
against the irradiance required to administer a dose of 1.9 MJ m-2 over the given exposure time period () (right axis). The x-error bars indicate 
the estimated 10% error associated with measurements of irradiance, and the y-error bars indicate a CV ranging from 3.3% to 4.5% predicted 
by equation 6.7 for each A(320 nm) response. 
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6.4.8 Spectral Response 
The importance of quantifying the spectral response of an actinometer material was 
discussed in section 4.3.2. The irradiation monochromator was employed for this 
objective. Since the output irradiance of this instrument varies substantially with 
wavelength (figure 6.2(b)), and the response of PPO film deviates from reciprocity at 
irradiances of less than 2.1 W m
-2
, a minimum irradiance of 2.1 W m
-2
 was required 
from the irradiation monochromator. The monochromator output was measured with 
the spectroradiometer. Due to physical constraints, the closest approach of the input 
aperture of the integrating sphere to the monochromator’s output aperture was 4.5 
cm. At this distance, an irradiance of 2.2 W m
-2
 was measured at 280 nm using input 
and output slit widths of both 1 mm. The irradiances of a further 20 wavebands of 
nearly the same FWHM (4.4  0.3 nm) were measured from 285 nm to 380 nm, each 
separated by 5 nm between the wavelength of peak irradiance of each band. An 
overall increase in irradiance to 3.45 W m
-2
 was observed with increasing peak 
wavelength. 
Actinometers containing 40 m PPO films were sequentially exposed to the different 
wavebands of the irradiation monochromator at a distance of 4.5 cm from the output 
aperture. At 280 nm, an exposure time of 76 h providing a narrowband UV dose of 
601.92 kJ m
-2
 was required to produce a A(320 nm) of 1.0. The exposure times 
were adjusted according to equation 6.5 such that each actinometer received the same 
dose regardless of the waveband. 
The A(320 nm) response data showed a maximum spectral sensitivity to the 
waveband centred on 305 nm. A calibration equation for the irradiation 
monochromator was determined at that waveband by exposing a single actinometer 
to the beam and measuring the A(320 nm) at regular time intervals throughout the 
exposure. The spectral response, R(), was then calculated by 
 
3 2142.38 104.58 10.744
601.92
x x x
R 
 
          (6.10) 
according to equation 4.10 where the numerator is the irradiation monochromator 
calibration curve in kJ m
-2
 and x denotes the A(320 nm) response. The spectral 
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response exposures were repeated two to three times at most wavelengths. The 
reproducibility of actinometer responses at any given wavelength was within 8.8%. 
Fluctuations in the output of the irradiation monochromator contributed to the 
measurement uncertainties in this experiment. The spectral response of PPO film is 
presented in figure 6.13 and shows maximum wavelength sensitivity at 305 nm. 
Responses were not detectable with the given UV dose at wavelengths longer than 
340 nm. 
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Figure 6.14: Experimentally determined spectral response of 40 m PPO film shown on logarithmic (solid curve, left axis) and linear (dotted 
curve, right axis) scales. The response is normalised to the maximum response that occurs at 305 nm. The y-error bars represent the 
reproducibility of 8.8% for this experiment. The x-error bars indicate the 4.4 nm FWHM of each exposure waveband. The spectral response of 
polysulphone film (left axis) and the erythemal action spectrum (left axis) are included for comparison. 
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6.4.9 Angular Response 
Due to the constantly changing angle of incidence of direct solar irradiance and the 
omnidirectional nature of diffuse solar irradiance, quantification of the angular 
response of 40 m PPO film actinometers to UV radiation was undertaken. The 
angular response was determined by sequentially irradiating actinometers with the 
collimated beam of the solar UV simulator each at a different angle, in increments of 
10 ranging from 0 to 80 in the azimuth plane, and from 0 to 70 in the altitude 
plane. A rotatable holder was designed to position an actinometer at any desired 
angle to the beam. Normal incidence (0) was defined by placing a small plane 
mirror in the rotatable holder and aligning the reflected beam with the centre of the 
output aperture of the solar simulator. 
Each actinometer was exposed for a period of 2 h at a distance of 16 cm from the 
output aperture of the solar simulator. The irradiance measured with the 
spectroradiometer at this distance was 71.7 W m
-2
. Exposure at normal incidence 
resulted in a A(320 nm) of 0.55. Assuming an ideal cosine angular response, the 
irradiance incident on an actinometer at an angle of 80 is about 12.5 W m-2. Hence 
for all angles, the irradiance is outside the range for which reciprocity was 
determined. Due to the expense and limited lifespan of the xenon arc lamp of the 
simulator, longer exposures at lower irradiance were not feasible. The reciprocity 
experiment (section 6.4.7) however, shows smaller deviations from reciprocity at 
larger irradiances (up to 12 W m
-2
). It is therefore assumed that reciprocity deviations 
are negligible at the larger irradiances employed in this experiment. 
In order to minimise the effects of nonlinearity of the dose-response of PPO film, a 
calibration function was determined for the solar UV simulator using the same 
technique as described for the irradiation monochromator in section 6.4.8. The 
normalised  RN response was then calculated from 
3 2
3 2
0 0 0
8.150 17.99 1.696
8.150 17.99 1.696
N
x x x
R
x x x
  

  
       (6.11) 
where the polynomials in the numerator and denominator are the solar simulator 
calibration equation. In this case, x is the A(320 nm) induced at any angle, and x0 is 
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that induced at normal incidence. The angular response for PPO film actinometers is 
presented in figure 6.14. The maximum deviation of the response from the cosine 
function in the azimuth plane was 7.9% and the average deviation was 4.5%. In the 
altitude plane, the average deviation was 13.2%. The two largest deviations in the 
altitude plane were 12.8% and 13.2% at angles of 60 and 80 respectively. It is 
interesting to note that the error at 70 was only 3%, indicating the possibility that 
the responses at 60 and 80 in the altitude plane are outliers. The average cosine 
error for both planes was 4.9%. The cosine errors appear to be randomly scattered 
with respect to angle. However, the majority of the deviations are positive, which in 
this case indicates that the cosine function is on average slightly underestimated. 
Three exposures were made at an angle of 45 in the azimuth plane to estimate the 
reproducibility of this experiment. The angle was reset before each exposure so as to 
include angle alignment errors in the reproducibility. The A(320 nm) responses due 
to each exposure fell within a range of 4%. 
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Figure 6.15: The angular response of 40 m PPO film actinometers in the azimuth plane () and the altitude plane () (central axis), and the 
cosine error () for each angle (right axis). Three repeated measurements were made at 45 of altitude () to provide an estimate of the 
reproducibility of about 4% for this experiment, as indicated by the error bars. 
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6.4.10 Solar Erythemal Exposure Calibration 
The spectral response of PPO film determined in section 6.4.8 indicates that these 
actinometers are best suited for the monitoring of UVB exposure, and have a 
response that approximates the erythemal action spectrum (figure 6.13). Calibration 
of the actinometers against the solar UV-biometer served to determine the solar 
erythemal dynamic range and to estimate the solar UVB dynamic range
1
 by means of 
equation 5.1. 
The exposure of 26 PPO film actinometers to solar radiation was performed over a 
period of 18 days during August 2002 in Toowoomba (27.6 S). Two actinometers 
were removed from solar exposure each day at 12:00 pm and 5:00 pm local time for 
the first nine days. For the remaining eight days, one actinometer was removed from 
exposure at 5:00 pm each day. The cumulative erythemal exposure retrieved from the 
UV-biometer for each exposure period was plotted against the A(320 nm) response, 
providing the calibration curve depicted in figure 6.15. The cubic regression for this 
calibration gives 
3 20.8774 4.9124 35.446  (MED)ErH x x x        (6.12) 
with an R
2
 value of 0.995, where HEr is the solar erythemal dose and x is the   
A(320 nm) response of the actinometer. As is seen in figure 6.15, A(320 nm) is 
very nearly a linear function of erythemal dose, and may be closely approximated by 
the linear regression 
41.536  (MED)ErH x          (6.13) 
with an R
2
 value of 0.993. The data in the region of saturation are not included in the 
either of the regressions. The linear regression deviates from the cubic function by 
15.7% at the smallest dose. However, for doses greater than 20 MED, the difference 
between the functions is well within the experimental uncertainty and decreases to 
less than 1.9% with increasing dose. 
                                                            
1 This estimation was required since at the time that these experiments were conducted, there were no 
detectors available for the long-term monitoring of unweighted solar UVB irradiance. 
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Figure 6.16: Solar erythemal exposure calibration curve of 40 m PPO film actinometers. The curve represents the third order cubic regression 
(equation 6.12). The three open circles represent the data points that occur within the region of optical saturation as they deviate substantially 
from the regression line. The y-error bars show the uncertainty of about 10% in the UV-biometer measurements, and the x-error bars 
represent the CV of the response ranging from 3% to 12.4% as estimated by equation 6.7. 
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In addition to variations in the response quantified by the CV, all dosimetric methods 
incur calibration errors introduced through the transfer of data from the calibration 
instrument to the dosimetry calibration function. The accuracy of a dosimetry 
method for absolute dose measurements is therefore at best as good as that of the 
calibration instrument. Total errors in solar erythemal dose measurements 
determined from this calibration of up to 16.5% should be expected due to the 
combined uncertainty of the UV-biometer and the CV of PPO film. 
6.4.11 Dynamic Range 
The rate of change of the response of PPO film decreases with increasing UV 
exposure, and consequently the sensitivity, and hence the dose resolution diminishes 
with increasing dose. This effect is clearly seen in the results of the film thickness 
experiment (section 6.4.1). The calibration curve is useful only to the point that 
individual doses are resolvable within experimental uncertainty. For the purpose of 
removing subjectiveness from the definition of optical saturation of PPO film, it is 
defined here as the largest A(320 nm) that cannot be distinguished from the 
maximum A(320 nm) due to reproducibility, where the maximum A(320 nm) is 
the last recorded response before mechanical failure of the film. The saturation dose 
is then defined as the UV dose that induces the saturation response. By this 
definition, the dynamic range depends on both the intrinsic nature of the film and the 
precision of the measurements involved. 
In section 6.4.6 the artificial source calibration functions shown in figure 6.11 begin 
saturation at the third-last data point on each curve, since the CV error bar of this 
point is the first to overlap with that of the last data point (the point that precedes 
failure of the film). The saturation dose for broadband UV is 2310 kJ m
-2
 and the 
minimum recorded dose was 17 kJ m
-2
. The corresponding dose-capacities and 
thresholds for the UVB and UVA wavebands, and for the various biologically 
weighted doses may be found by weighting the broadband UV dose-capacity and 
dose-threshold by the appropriate ratio (A) given in table 6.3. The estimated RDR for 
all wavebands and weightings is 99.3%. 
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The onset of saturation was sudden in the solar exposure calibration described in 
section 6.4.10. The saturation dose was 125 MED
1
 (figure 6.15). At larger doses the 
A(320 nm) remained essentially constant with increasing exposure. The solar 
erythemal dose-capacity of PPO film is therefore about 27 kJ m
-2
, or about 204        
kJ m
-2
 for unweighted UVB according to equation 5.1. The minimum distinguishable 
erythemal dose recorded in this calibration was 267.7 J m
-2
 or an estimated UVB 
dose of 2.02 kJ m
-2
. Hence the UVB RDR for PPO film is about 99.0%. 
6.4.12 Dark Reaction 
The dark reaction of 40 m PPO film actinometers, denoted by ADK(320 nm) as 
given by equation 4.15, and its temperature dependence was investigated by 
simultaneously exposing four pairs of actinometers to a broadband dose of 729.5     
kJ m
-2
 from the fluorescent UV lamp. The mean A(320 nm) response was 
determined immediately after exposure. Each pair was stored after exposure in 
darkness at temperatures of -16C, 2C, 24C, and 40C. The mean ADK(320 nm) of 
the pairs were remeasured at various times of up to 40 days after the initial exposure 
and were plotted as a function of post-exposure time (figure 6.16). 
The dark reaction was less than 0.7% at -16C and was indistinguishable from that at 
2C until about 70 h after the exposure, and remained below 2.7% at 2C. Hence the 
dark reaction is within the range of experimental reproducibility at these 
temperatures and is thus negligible up to 40 days after the exposure. At higher 
temperatures however, the dark reaction reached 12% at 24C and nearly 21% at 
40C after a post-exposure time of 941 h. Power curve regressions fit the 24C and 
40C data allowing correction factors to be applied in the case that the post-exposure 
response measurements of calibration actinometers and field actinometers are made 
at different times after their respective exposures.  
 
                                                            
1 The MED as measured by the UV-biometer was defined as 214 J m-2 at the time of the 
measurements. 
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Figure 6.17: Dark reaction of 40 m PPO film actinometers stored at temperatures of -16C (a), 2C (b), 24C (c), and 40C (d) after exposure to 
a broadband dose of 729.5 kJ m-2. The dashed curves represent power curve regression lines for temperatures of 24C and 40C. 
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The regression curve for 24C is given by 
  0.5216320 nm 0.0056DK pA t      (6.14) 
(R
2
 = 0.964) where tp is the post-exposure time in hours before measurement of the 
response. The power curve regressions are valid for 1  tp  941 h. Equation 6.14 
assumes that the dark reaction is independent of the UV dose received during 
exposure. 
The dependence of the dark reaction of PPO film on UV dose was therefore also 
investigated. Four pairs of actinometers were exposed to four different broadband 
doses from the fluorescent UV lamp, and the mean ADK(320 nm) of each pair was 
determined at six different post-exposure times (table 6.5). The percentage increase 
in response due to the dark reaction is plotted against the A(320 nm) response 
induced by the UV doses in figure 6.17, revealing an inverse linear dependence of 
ADK(320 nm) on A(320 nm). The series in figure 6.17 from bottom to top shows 
an increase in dark reaction with increasing post-exposure time. The negative slope 
of each series indicates an inverse dependence of the dark reaction on dose. The 
largest ADK(320 nm) over the dose range investigated was 3.4%. Extrapolating from 
zero to the saturation response (A(320 nm)  2.9) using the average slope of the 
curves in figure 6.17 (m  -2.2) gives a maximum possible dose related        
ADK(320 nm) of 6.4%. The slopes of the linear regressions are similar indicating 
that post-exposure time has little or no effect on the dose dependence of the dark 
reaction. 
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Table 6.5: Post-exposure times and response measurements of 40 m PPO 
film actinometers after four different broadband UV doses. 
 
 
 
 Broadband UV Dose (kJ m
-2) 
162 544 950 1495 
Post-Exposure 
Time (h) 
ADK(320 nm) 
22.5  5.5 0.0714 0.5724 0.8832 1.2789 
49.5  5.5 0.0727 0.5931 0.8941 1.3219 
72.0  5.0 0.0811 0.6201 0.9119 1.3111 
104  12 0.0921 0.6222 0.9200 1.3321 
176.5  11.5 0.1322 0.6361 0.9298 1.3391 
493.5  42.5 0.1103 0.6519 0.9699 1.4127 
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Figure 6.18: Dependence of the dark reaction of 40 m PPO film actinometers on dose. The percent change in ADK(320 nm) is plotted against 
the A(320 nm) response induced by the broadband doses given in table 6.5. The ADK(320 nm) was determined at post-exposure times of 22.5 
h (a, ), 49.5 h (b, ), 72 h (c, ), 104 h (d, ), 176.5 h (e, ), and 493.5 h (f, ). The curves represent least squares linear regressions. 
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6.5 Summary and Conclusions 
This chapter has provided an account of the development and characterisation of the 
optical properties of PPO film actinometers. Casting experiments and broadband 
dose-response curves were used to establish the optimum PPO dry mass to 
chloroform mixing ratio and the film thickness that provides the optimum dynamic 
range and exposure sensitivity. The mixing ratio of 0.12 enabled the casting of high 
quality PPO films with sufficient durability, and the sensitivity was maximised while 
maintaining film quality by casting films at a thickness of 40 m and measuring the 
pre-exposure and post-exposure A(320 nm) at the spectrophotometer wavelength of 
320 nm. The reproducibility of the ∆A(320 nm) response in terms of the CV was 
found to increase from about 3% to 6.5% according to equation 6.7 in the response 
range of 0  A(320 nm)  1.88, or the broadband UV dose range of 0  H  2851  
kJ m
-2
. The angular response averaged over both the azimuth and altitude planes was 
better than 5%, and no temperature dependence of the response was detected from 
1.5C to 50C. The spectral response experiment found the spectral sensitivity peak 
of PPO film at 305 nm and a fairly close correspondence with the CIE erythemal 
action spectrum between 300 nm and 335 nm. The PPO film actinometer is therefore 
most suited to measurements of erythemally weighted UV dose. Time-irradiance 
reciprocity remained within experimental uncertainty for the irradiance range of    
2.1  I  11.7 W m-2, but deviated inversely for irradiances lower than 2.1 W m-2 by 
up to 13%. 
Broadband exposures were calibrated against the spectroradiometer in section 6.4.6 
for unweighted and weighted UV doses, and for solar erythemal dose in section 
6.4.10. Equation 6.8 provided the calibration function for broadband dose, and the 
weighting factors for important biological responses were given in table 6.3. Given 
that no response was observed at wavelengths longer than 340 nm in the spectral 
response experiment, the UVA calibration is valid only for a constant spectral 
irradiance. The solar erythemal calibration function was given by equation 6.12 and 
was near linear as indicated by equation 6.13. Significant differences exist between 
both the scaling factor and the kernel of the erythemal calibration performed under 
the fluorescent UV lamp and that under natural solar radiation. The large difference 
in linearity can be seen by comparing figures 6.11 and 6.15. The erythemal dose-
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capacity as given by the lamp calibration was about 276 kJ m
-2
, while that given by 
the solar radiation was 125 MED or an erythemally weighted dose of about 26.3      
kJ m
-2
. This latter dose-capacity is a surprising and somewhat disappointing result, 
being more than a factor of ten smaller. However, the result demonstrates a dynamic 
range for solar erythemal dose of PPO film of more than twice that of polysulphone. 
A dark reaction dependent on post-exposure time was quantified, that is closely 
approximated by equation 6.14 for post-exposure temperatures of around room 
temperature. An inverse dependence of the dark reaction on UV dose was observed 
indicating a maximum dose related variation of the dark reaction of 6.4%. A dark 
reaction correction factor may be employed by means of equation 6.14 in the case 
that calibration and experimental actinometers are stored at room temperature and are 
measured at different times. Due to the dose dependence however, this correction 
factor could be in error by as much as 6.4% depending on the difference in the range 
of doses to which the actinometers are exposed. 
Refrigeration of the actinometers after exposure significantly reduced the dark 
reaction. At temperatures of 2C or lower, the dark reaction remained within 
experimental uncertainty. This allows the dark reaction to be essentially eliminated 
provided that all actinometers from a given experiment are maintained at the same 
low temperature after exposure. Alternatively, the dark reaction can be minimised by 
measuring the response of each actinometer from a given experiment within a short 
period of time after the exposure. 
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7.1 Introduction 
A myriad of spectrally dependent and exposure dependent biological effects are 
induced by UV radiation. Biologically effective solar radiation is modulated at the 
Earth’s surface by continual fluctuations in UV irradiance and spectral distribution 
caused by variations in geometrical and atmospheric parameters. An important aspect 
of environmental risk assessment is therefore the quantification of biologically 
effective radiation under a highly variable UV radiation field. 
Dosimetry methods have been employed extensively for solar UV dose 
measurements due to their low cost, versatility and ability to integrate all variability 
into a single dose measurement. Chapter 5 revealed that a number of dosimetric and 
actinometric materials techniques are available. The polysulphone film actinometer 
minimises the labour and costs associated with solar UV exposure quantification and 
is one of the most versatile UV detectors. It also provides a response that 
approximates the CIE erythemal action spectrum, and hence is the most extensively 
employed actinometer type in UV exposure research. The main disadvantage of 
polysulphone film however, is its limited dynamic range. Although the dynamic 
range of polysulphone can be overcome by employing filters, or by summing the 
doses of sequentially exposed actinometers, this adds to the fabrication cost in terms 
of both materials and labour, and may in the latter case incur increased integration 
errors. 
The overall objective of this research was to reduce the labour and costs associated 
with large-dose measurements of solar UV exposure. Biological dosimeters have 
larger dynamic ranges than chemical actinometers, but are disadvantaged by their 
cost, and their demands on expensive equipment for post-exposure analysis that are 
not generally available in a physics laboratory equipped with standard optical 
instruments. The primary objective was therefore fulfilled by the development and 
characterisation of a chemical film actinometer employing poly(2,6-dimethyl-1,4-
phenylene oxide) polymer in the form of a thin film (PPO film), which was found to 
provide a larger dynamic range than polysulphone, and thus allows larger doses to be 
quantified with a single measurement. 
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7.2 Consolidation of Research Objectives 
PPO film was identified through a literature search as a convincing candidate for 
development as a large-dose actinometer. Evidence from the literature suggested the 
possibility of extending the dynamic range of actinometry into the MJ m
-2
 range by 
use of PPO film. The literature review also revealed polysulphone actinometry as the 
cheapest form of actinometry in terms of both labour and cost, and one of the most 
versatile methods available for quantifying UV dose. The material costs, equipment 
demands, and labour involved in this method are also substantially lower than those 
required by the common forms of biological dosimetry that were reviewed. 
Through the experimental work of this project, the spectral response of PPO film was 
found to peak in the UVB waveband at 305 nm. The response approximates the CIE 
erythemal action spectrum, and does so more closely than polysulphone from 300 nm 
to 340 nm. Although a deviation from the CIE erythemal action spectrum exists at 
wavelengths shorter than 300 nm, a significant response was observed at these 
wavelengths allowing calibration against an erythemal radiometer. PPO film 
actinometers are therefore suitable for either UVB or erythemally weighted dose 
measurements. Fluorescent UV lamp exposures conducted in section 6.4.6 
demonstrate the ability of PPO film actinometers to quantify biologically effective 
dose for UVB related responses when calibrated against a spectroradiometer. If a 
spectral irradiance monitoring instrument is available during the calibration stage, 
then PPO film actinometers have the capability of quantifying biologically effective 
dose weighted for various biological responses including erythema, actinic response, 
DNA damage, photoconjunctivitis, photokeratosis, and vitamin D synthesis. 
The demonstrated close correspondence between the cosine function and the angular 
response of PPO film actinometers allows these detectors to integrate both direct and 
diffuse irradiance with an accuracy of about 5% regardless of the SZA. The cosine 
response and temperature independence of PPO film combined allow deployment of 
the actinometers at any latitude and during any season. The Bunsen-Roscoe law of 
reciprocity was obeyed by PPO film at irradiances greater than 2.1 W m
-2
. An 
upward trend in the response was observed at lower irradiances. This is potentially a 
serious source of error if calibration actinometers are exposed to a source that is 
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significantly different in dose-rate to the source measured by experimental 
actinometers. For example, an experimental design in which actinometers are 
calibrated in full sunlight with irradiances generally greater than 2.1 W m
-2
 while 
experimental dosimeters are used to measure doses in a shaded area and receive 
irradiances less than 2.1 W m
-2
 will incur a reciprocity related calibration error. Such 
an experimental design would be improved by exposing the calibration dosimeters in 
a similar shaded environment as the experimental dosimeters, and applying a 
shadowband to the instrument against which the actinometers are calibrated. As 
mentioned in section 4.10, the most accurate calibrations are obtained by minimising 
any differences between the calibration source and the source under measurement. 
Therefore, with regard to PPO film actinometers, these differences include both 
spectral distribution and irradiance. 
Broadband exposures employing the fluorescent UV lamp showed the dynamic range 
of PPO film to have a dose-capacity of up to 2.31 MJ m
-2
. The erythemal and UVB 
dose-capacities were 276 kJ m
-2
 and 1015 kJ m
-2
 respectively. The dose-capacity for 
natural solar erythemal exposure calibrated against the UV-biometer was 26.3 kJ m
-2
. 
Although the latter dose-capacity does not compare favourably with those of 
biodosimeters, it does represent an increase in the dynamic range of a factor of 2.4 
compared to polysulphone film actinometers for solar erythemal exposure. The 
difference between the R
2
 values of cubic and linear regressions fit to the solar 
erythemal calibration data is only 0.18%. This linearity offers the advantage that 
fewer calibration points are required compared to nonlinear calibrations, and thus 
further reduces labour and costs. Furthermore, the reproducibility of PPO film 
actinometer responses compares favourably to other dosimetry methods over the 
entire dynamic range (cf. 10% to 30% for polysulphone actinometry), with a 
maximum CV of 6.5%. 
The dark reaction of PPO film was found to be significant and dependent on 
temperature, and to a lesser extent on dose. As for polysulphone actinometry, the 
presence of the dark reaction does not detract from the accuracy or contribute to the 
labour or costs of the method if managed correctly. Techniques for managing the 
dark reaction of PPO film actinometers are discussed in section 6.4.12 and section 
6.5. 
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The deviations of the optical properties of PPO film actinometers from an ideal solar 
UV radiation detector were found to be sufficiently small that these actinometers are 
well suited to the measurements of UVB and biologically weighted dose. The effects 
of deviations from the ideal can be minimised by calibrating the actinometers under 
the same or a similar irradiance source. The performance may also be enhanced by 
calibrating the actinometers for erythemal dose, since the spectral response of PPO 
film approximates the CIE erythemal action spectrum. 
PPO powder is inexpensive and employs the same solvent as polysulphone. The 
labour and costs involved in fabricating PPO film actinometers is therefore 
equivalent to those for polysulphone film actinometers. The demonstrated ability of 
PPO film actinometers to provide a dynamic range of more than twice that of 
polysulphone without the need for chemical additives or physical filters proves that 
fewer actinometers and hence less materials and fabrication time are required for 
large-dose measurements. Although some further research would be advantageous as 
discussed below, the method of PPO film actinometry as developed in this research 
can be employed for measurements of up to 26.3 kJ m
-2
 of erythemally weighted 
dose with a precision that is at least equal to that of current forms of actinometry.  
7.3 Further Research 
The calibration functions determined in this project under fluorescent UV lamp 
irradiance and natural solar radiation showed large differences in both dynamic range 
and linearity. Under the assumption that this difference results from the significant 
difference between the source spectra, the form of the calibration function may vary 
according to season and latitude. Determining and comparing calibration functions 
for different seasons, latitudes, and weather conditions will therefore provide a 
greater understanding of the nature and accuracy of various calibrations and the 
effect of solar variability on these calibrations. For example, it would be interesting 
to compare the calibration functions for diffuse and direct solar exposure. A diffuse 
calibration could be achieved (at mid to equatorial latitudes) by exposing 
actinometers only during early morning and late afternoon periods in which the SZA 
is small and diffuse solar irradiance dominates. Alternatively, the actinometers could 
be exposed in a shaded area and calibrated against a shadowband radiometer. A 
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direct exposure calibration would be accomplished by exposing actinometers only 
during the midday hours to reduce the effects of the diffuse component. Since solar 
spectral irradiance depends on SZA, such comparisons may elucidate the combined 
effect of spectral distribution, dose-rate, and effect of diffuse and direct irradiance on 
the calibration function. This information is necessary in a situation where 
experimental dosimeters are exposed at a large distance from, or at a different 
latitude to the calibration. 
The time-irradiance reciprocity was tested only for a single large UV dose. It was 
assumed that if the Bunsen-Roscoe law was obeyed for a large dose, then it would 
also be obeyed for all smaller doses. Experimental verification of this assumption 
could be achieved by repeating the reciprocity experiment described in section 6.4.7 
for various doses within the dynamic range of the actinometer. In addition, the effect 
of the constantly changing nature of solar UV radiation and the fractionation of 
exposure by the night-time periods on reciprocity has not been quantified. A 
reciprocity experiment incorporating simulated diurnal UV exposure variations and 
nocturnal fractionation could be implemented by cyclically increasing and decreasing 
the distance between the fluorescent UV lamp and actinometers, and switching the 
lamp off at regular intervals during an experiment. Experimental runs employing 
different variation cycles and different on-off periods that give the same cumulative 
UV dose should provide an evaluation of UV variability and exposure fractionation 
on the reciprocity of PPO film actinometers. The value of examining reciprocity in 
more detail is to investigate the possibility of determining a correction factor for 
experimental dosimeters that are subjected to an irradiance of less than 2.1 W m
-2
 at 
which point a deviation from the Bunsen-Roscoe law occurs. Such a correction factor 
would allow a single calibration to be applied to a larger number of environmental 
situations. For example, a full-sun calibration could be applied after correction to low 
irradiance measurements in shade. 
The dark reaction proceeds through the night-time periods, but the contribution of the 
nocturnal dark reactions to the total response are unquantified. The dark reaction 
experiments of section 6.4.12 indicate that the overnight change in response is 
negligible; about 0.02 over a period of 12 hours. If the dark reaction to fractionated 
exposure is cumulative, then after a 17 day exposure such as in the calibration of 
section 6.4.10, the dark reaction may have contributed 0.32 to the response, or an 
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erythemal dose equivalent of about 12 kJ m
-2
. A hypothetical material that is 
optically equivalent to PPO film but has no dark reaction therefore has the potential 
to provide a larger dynamic range. This information may be employed in future 
searches for actinometer materials that may provide large dynamic ranges. The 
nocturnal dark reaction could easily be quantified by the long-term exposure of an 
actinometer and the measurement of its response before nightfall and again before 
sunrise each day. Such an experiment should also confirm (or otherwise) the 
dependence of the dark reaction on UV dose. 
Davis, Diffey and Tate (1981) showed that the spectral sensitivity of polysulphone 
film depends on the thickness of the film, and according to CIE (1992), thinner 
polysulphone films may correspond more closely to the erythemal action spectrum. 
The pilot study in appendix A showed the spectral absorbance of 15 m PPO film to 
be shifted toward shorter wavelengths compared to a 40 m film. A possible further 
avenue of research is therefore the refinement of the spectral response of PPO film 
by altering the film thickness. A thinner film will result in a loss of sensitivity, but 
the dose-capacity should not be significantly affected due to the weak dependence 
between PPO film thickness and dose-capacity. 
7.4 Final Conclusion 
Polysulphone actinometry has been extensively employed in human exposure 
research. PPO film actinometry now provides an additional tool for this area of 
research providing equivalent versatility, as well as labour and cost advantages for 
large-dose measurements due to its larger dynamic range. The PPO method is at least 
as precise as polysulphone actinometry and also has the advantage of a near linear 
solar erythemal calibration function. Applications for PPO film actinometry can be 
found essentially anywhere that other types of solar UVB actinometry (polysulphone 
in particular) are employed. Such applications include determination of erythemal 
dose distributions over models of the human form, the wearing of actinometers by 
people and animals in various situations, and the quantification of biologically 
effective dose in plant canopies. PPO film actinometry therefore has the potential to 
make significant contributions to experimental research in a wide variety of solar UV 
related fields. 
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Appendices 
 
Appendix A – Pilot study 
The pilot study was a basic preliminary study to investigate the potential for PPO to 
be cast into thin film in an economical way, and for the film to provide a superior 
dynamic range, and to be fully characterised in terms of its optical properties. 
Preliminary casting experiments established chloroform as a suitable solvent for PPO 
powder and a series of casting experiments demonstrated that films of PPO could be 
efficiently manufactured with the casting equipment available at the University of 
Southern Queensland. 
An uninterrupted broadband UV dose of 1 MJ m
-2
 was administered to a sample of 
PPO film. Slight signs of yellowing were evident after the exposure, but the film 
showed no signs of mechanical failure, and a clear response to the exposure could be 
measured photometrically indicating the potential of PPO film for large-dose 
measurements. 
Preliminary exposures of PPO film samples to broadband UV irradiance 
administered by the fluorescent UV lamp showed consistent increases in optical 
absorbance corresponding to increasing UV dose, and indicated a monotonic 
response to UV exposure. Although the exposures were relatively short, sufficient 
data was accumulated to show that the response was nonlinear and similar in form to 
the response of polysulphone film. 
Investigation of the spectral absorbance of PPO film and the effects of film thickness 
on the absorption spectra were investigated for films of 15 m and 40 m 
thicknesses as shown in figure A-1. The rapid rate of increasing absorbance at UVB 
wavelengths suggested a greater response to the UVB waveband. Thinner films 
resulted in a shift of the absorbance spectrum toward shorter wavelengths, and a 
substantial decrease in UV exposure sensitivity (figure A-1). 
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Appendix A – Pilot study  
 
 
Figure A-1: Optical absorbance spectra A() of PPO film samples of 15 m and 40 m thicknesses before exposure and after an 8 hour 
broadband UV exposure (left axis), and the difference between the spectral absorbance ∆A() of the films before and after exposure (right 
axis). 
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Appendix A – Pilot study  
The greater spectral response of PPO film to the UVB waveband was confirmed by 
exposures of PPO film samples to the solar UV simulator conducted with, and 
without a UVB filter at the output aperture. A much larger response to the unfiltered 
output was observed, indicating that the PPO film samples were much more sensitive 
to the UVB portion of the spectrum than to the UVA. 
This study has demonstrated the ability of PPO material to be cast into thin films by 
means of standard equipment, and confirms the larger broadband UV dynamic range 
of PPO film compared to the other materials reviewed. A monotonic response of the 
film to UV exposure appropriate for calibration was observed, and the study also 
prompts an investigation of the effect of film thickness on the response.  Although 
the spectral response has yet to be determined, the difference in response due to UVB 
and UVA exposures is promising in terms of a UVB or biologically weighted 
actinometer. The pilot study has provided sufficiently strong evidence in the author’s 
judgement to proceed with the development of PPO film actinometers.
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Appendix B – Optical wedge interferometry 
The phase difference ∆ between the radiation reflected from the upper and lower 
surfaces of the air wedge is 
2
2
y
 

   where  is the wavelength of the incident 
radiation (see figure B-1). 
When radiation is incident upon a surface of refractive index, a phase reversal 
occurs. The effective phase difference is thus 
4
1
y
  

 
    
 
. Constructive 
interference occurs when  2 1   0,1,2,...n n      This occurs when 
2
y n

  
and when 
1
2 2
y n
 
  
 
. The difference in the wedge thickness ∆y between any two 
consecutive bright or dark fringes is therefore given by 
2
y

  . 
The mean distance d between consecutive bright or dark fringes was found by 
counting the number of bright fringes over the length of the glass plates and dividing 
by the length over which they were counted. 
From figure B-1 it can be seen that 
sin 2sin
y
d

 

   where  is the vertex angle of 
the wedge. Since  is very small, 
2
d


 . The thickness T of the sliver of PPO film 
is then calculated by 
sin  (m)
2
T L
d
 
  
 
 
where L is the distance from the vertex to the sliver of film that separates the glass 
plate at the opposite end. 
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Appendix B – Optical wedge interferometry 
 
 
Figure B-1: Cross-sectional schematic of the optical wedge used to measure the 
thickness of PPO film samples. The vertical lines in the top glass plate represent 
interference fringes. All of the parameters required to calculate the film thickness 
are shown. 
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Appendix C – Paired t-tests for spectrophotometer beam effect 
on PPO film 
 
 
Sample 
Unexposed Exposed 
Set 1 Set 10 Set 1 Set 10 
1 0.2278 0.2201 1.8079 1.8093 
2 0.2286 0.2295 1.8098 1.8261 
3 0.2276 0.2252 1.8146 1.8177 
4 0.2246 0.2276 1.8449 1.8391 
5 0.2280 0.2291 1.8412 1.8235 
6 0.2302 0.2296 1.8432 1.8444 
7 0.2269 0.2278 1.8288 1.8210 
8 0.2289 0.2210 1.8485 1.8479 
9 0.2283 0.2286 1.8447 1.8485 
10 0.2273 0.2256 1.8183 1.8232 
11 0.2246 0.2286 1.8181 1.8221 
12 0.2292 0.2269 1.8165 1.8104 
13 0.2296 0.2294 1.8307 1.8279 
14 0.2245 0.2289 1.8047 1.8182 
15 0.2281 0.2277 1.8355 1.8389 
Statistics 
1
μ  0.227613 10μ  0.22704 1μ  1.82716 10μ  1.82788 
1x
μ  0.000464 10 xμ  0.000763 1xμ  0.003919 10 xμ  0.003323 
           t 0.6218 0.3346 
        
x
μ  0.001 0.002 
       SD 0.001796 0.002954 0.015179 0.012871 
10 1
-μ μ  -0.00057 0.00072 
p-value 0.27205 0.37145 
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Appendix D – Analysis of variance test for temperature 
dependence 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample 
Temperature (C) 
1.5 10 30 40 50 20 
1 1.84 1.77 1.85 1.77 1.81 1.76 
2 1.85 1.84 1.85 1.82 1.85 1.85 
3 1.88 1.89 1.87 1.84 1.87 1.85 
4 1.89 1.89 1.89 1.85 1.87 1.86 
5 1.92 1.90 1.89 1.88 1.87 1.87 
6 1.95 1.90 1.91 1.89 1.90 1.87 
7 1.95 1.90 2.01 1.92 2.05 1.87 
8 2.05 2.02 2.05 1.93 2.06 1.97 
9 2.07 2.02 2.06 1.98 2.08 2.03 
10 2.10 2.09 2.08 2.05 2.12 2.06 
x  1.95 1.92 1.95 1.89 1.95 1.90 
SD 0.09216 0.09581 0.0919 0.08184 0.116 0.09162 
Source of 
Variation 
Sum of Squares d.f. 
Mean 
Squares 
F-ratio p-value 
Between 0.03894 5 0.003389 
0.7452 0.593 Error 0.4912 54 0.0090966 
Total 0.5251 59  
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Appendix E – PPO film artificial source broadband UV 
calibration equations 
 
 
Film Thickness 
(m) 
Calibration equation 
(kJ m-2) 
R2 
15 3 21469.3 2020.3 2124.2H x x x    0.9997 
20 3 2751.87 908.53 1318.7H x x x    0.9988 
40 3 2213.48 21.531 266.15H x x x    0.9971 
50 3 2208.44 84.295 182.15H x x x    0.9980 
60 3 2251.63 259.33 263.05H x x x    0.9968 
